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ABSTRACT 
Evaluation of Connection Fracture and Hysteresis Type on the 
Seismic Response of Steel Buildings 
Shan Shi and Douglas A. Foutch 
Brittle fractures in steel moment connections during the 1994 Northridge, 
California, earthquake were observed in more than 200 buildings ranging from 1 to 21 
stories. These widespread failures raised issues concerning inspection, evaluation and 
rehabilitation of existing structures. Research was conducted to develop a computer 
model that can accurately model the basic hysteretic characteristics of fractured 
connections in buildings. Redistribution of the unbalanced local moment caused by 
connection fracture makes the program unique. Results from analyses using this 
program provide some beneficial information about connection performance and overall 
system response, and aids in structural performance prediction and evaluation. As 
expected, buildings with fractured connections experience larger story displacements 
than buildings with connections that do not fail. However, this effect is smaller than 
expected indicating that most existing steel buildings are safe during large earthquakes. 
In addition, eight hysteresis models were developed for these programs, These 
were used to study the effect of hysteresis behavior on the response of multistory 
buildings. The models included various degrees of stiffness and strength degradation, 
pinching and nonlinear elastic behavior. Three-, 6- and 9-story buildings were 
investigated. The results indicated that the structures could be grouped into two broad 
categories, those with and without pinching in the hystersis model. Less energy was 
dissipated by those with pinched hysteresis behavior, and this led to large 
displacements. Buildings with strength and stiffness degradation experienced maximum 
story drifts that were about 10% to 15 % larger than for the same structures with bi-
linear hysteresis behavior. Buildings with pinched hysteresis behavior experienced 
drifts that were 20% to 30% larger than those with bi-linear behavior. 
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CHAPTER 1 
INTRODUCTION AND BACKGROUND 
1.1 Motivation of Study 
The January 17, 1994 Northridge earthquake caused significant datnage to welded steel 
Inoment-resisting frames (MRF) of buildings. Unexpected fractures of steel beam-to-colulnn 
connections have been observed in over 200 investigated buildings ranging from 1 to 26 stories 
in the Los Angeles area. These fractured connections were presumed to have sufficient mOlnent 
strength and shear capacity. The widespread failures have raised issues concerning design, in-
spection' evaluation and rehabilitation of existing structures. 
Many studies (e.g., SAC 95-04, 1995) have been performed on the behavior of these 
pre-Northridge steel moment resisting buildings in the United States. Due to the lack of comput-
ing resources, the results from these studies are not representing the typical fracture mechanism 
occurred in Northridge. The newly discovered connection fractures delnand the development 
of a reasonable model that can emulate the basic hysteretic characteristics of fractured connec-
tions in buildings. At the structural system level, it also necessitates the development of a com-
puter program that can provide realistic and efficient representations of fracture and post-frac-
ture behavior of structures. Results from such a program can provide valuable information about 
connection performance and overall system performance, and aids in structural performance 
prediction and evaluation. A newly developed program can also help a structural engineer to 
choose adequate retrofitting systems for damaged structures. 
Current nonlinear analysis procedures used in structural design and evaluation consist 
of non -linear pushover and non -linear time history analysis. Non -linear static push over analy-
sis is a convenient method for performance-based evaluation and rehabilitation of buildings in 
practice. However, the usefulness of these methods need to be addressed for structures with frac-
tured beam - to-column connections. The difficulty of modeling connection fractures using non-
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linear finite element methods is to maintain numerical stability and the state of equilibrium dur-
ing the rapid decrease in strength in strength after weld fracture. In order to maintain the state 
of equilibrium during the static analysis, there Inust be a numerical mechanism of releasing ener-
gy from the fractured connections. The nonlinear dynalnic tiIne history analysis procedure is 
considered to be a relatively accurate method for the evaluation of structure performance under 
earthquake loading. However, low cycle fatigue fracture associated with cumulative energy dis-
sipation or number of times the yield moment was exceeded in certain connections Inay also be 
iInportant in dynamic time history analysis. The developlnent of a reasonable time history meth-
od which accounts for fatigue fracture effect and the subsequent correlation with the push over 
Inethod may lead to the development of a better method for practicing engineers. 
Another topic of the research is to study the effects of hysteresis models on structural 
performance. It may not directly relate to the problems observed in Northridge, but these types 
of studies are very important for earthquake engineering. Under dynarnic cyclic loading, proper-
ties of structural members will change accordingly at each cycle. The property changes at differ-
ent state of loading conditions and time history are usually described as hysteresis models of the 
structures. Properties for defining hysteresis include yielding, stiffness degradation, strength 
degradation, pinching, fracture, and many others. During the performance-based structural de-
sign, the effects of hysteretic energy dissipation on the maximum displacement response ampli-
tude of buildings plays a important role in determining the design forces. Understanding the ef-
fects of hysteresis models on structural system response can help the development of the 
performance-based design and evaluation procedure which will be used in the next century. 
The effects of hysteresis are considered in the newly developed "NEHRP Guidelines for 
the Seismic Rehabilitation of Buildings" (BSSC, 1997) by using a modification factor (C2) ap-
plied to the design base shear (V). Validation of these pre-determined C2 values need to be ex-
amined through studies of various types of building hysteresis models. 
In the past, the effects of hysteresis on seismic demands have been studied using simple 
single-degree-of-freedom (SDOF) global structural models (e.g., Rahnama and Krawinkler, 
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1993). However, multi-degree-of-freedom (MDOF) structures have a more complex perfor-
mance than the equivalent SDOF systems, particularly in the nonlinear range and for different 
hysteresis behaviors. Over-strength and redundancy of structures can not be considered accu-
rately from the SDOF studies. Therefore, MDOF modifications are usually required for the 
SDOF systelns. 
Three different studies (Nassar and Krawinkler, 1991; Miranda, 1993; and Riddell, 
1995) of ductility demand for SDOF structural systelns subjected to ground Inotions of finn soil 
sites and based on siInple bilinear structural behavior are shown in Figure 1.1. Simplified expres-
sions to obtain analytical estimates of the relationships are also recoInmended in these refer-
ences. None of these expressions have been incorporated into building code provisions. One typ-
ical expression provided by Miranda (Miranda, 1997) is: 
(1.1) 
where R is the strength reduction factor, ~ is the displacement ductility demand, and T is the peri-
0d of structures in seconds. This expression is represented by thick solid lines in Figure 1.1. A 
MDOF modification factor (RM) is also proposed in Miranda (1997): 
(1.2) 
where RMDOF is the strength reduction factor required for the MDOF structure. Nassar and Kra-
winkler (1991) proposed the following preliminary equation for RM: 
(1.3) 
Due to the complication of MDOF structural systeIns, buildings should be analyzed uti-
lizing realistic multi -story structural models instead of using simple estimations from the SDOF 
system results. Therefore, using one equation for describing the behavior of MDOF structures 
is expected in the building code provisions. Another advantage of using only one MDOF equa-
tion for expressing the relationship between the strength reduction factor and the ductility de-
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mand of structures is that the hysteresis effects of structures can be considered with the MDOF 
equation explicitly. 
1.2 Objective and Scope 
One main objective of this research is to study the behavior of buildings with the frac-
tured beam-to-colulnn connections. In order to study the behavior of the damaged structures 
discovered in Northridge, it is necessary to develop a realistic steel beam-to-colulnn mOlnent 
connection hysteretic model that will effectively represent the fractured connections. 
DRAIN-2DX (Powell, 1993; Prakash, Powell, and Campbell, 1993) is a well known 
computer program for conducting inelastic static/dynaInic structural finite element analysis. 
Modifications and additions to the current version of the program are proposed. Revisions of 
DRAIN -2DX's static push over analysis is one goal and the development of a new connection 
element is another. The revised static push over analysis will take into account connection frac-
ture, and the new connection element will be able to model fracture and post-fracture behavior 
for both static and dynamic analysis. 
To find out an effective way of using this newly developed connection element to model 
structure joints is also a goal. Panel zone distortion effect is an important concern for modeling 
a joint and will be included in this study. 
Different analysis Inethods will give different results. Therefore, it is necessary to deter-
mine the correlation between these methods under equivalent loading conditions. This study can 
provided important information for the future works of calibrating these methods to give same 
level of safety or reliability results from structural evaluation. 
A study on the behavior of the structures damaged during the Northridge earthquake will 
be conducted by using the modified version of DRAIN - 2D X. This is potentially the most prom-
ising method for analysis of such types of structures. 
For the second main objective of this research, the ductility and energy delnand differ-
ences for various types of hysteresis models under earthquake dynamic loading will be studied. 
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Currently, there is very little data in the literature concerning the effects of hysteresis models on 
MDOF structural system. Bilinear, stiffness degradation, strength degradation, and the steel 
fracture lllodels will be used to investigate the hysteresis effects on MDOF structural systeills. 
Expressions of the ductility demand versus the strength reduction factor and hysteresis effects 
for MDOF structures are expected to be obtained from the study. The SDOF lllodels which are 
equivalent to the MDOF systeills are also intend to be analyzed. The results from the equivalent 
MDOF and SDOF systems can provided valuable information on the differences of the two sys-
telllS. 
1.3 Thesis Organization 
This thesis summarized the results of evaluation of connection fracture and hysteresis 
type on the seisillic response of steel buildings. In Chapter 2, brittle fractures in welded steelillo-
lllent connections are discussed and a fracture connection element is developed. Application ex-
amples using the developed element and the modified finite element prograrll are also included 
in this chapter. Chapter 3 presents a case study of a four-story building damaged in the North-
ridge Earthquake. Chapters 4 and 5 study the effects of hysteresis on MDOF and SDOF systems 
respectively. Finally, Chapter 6 summarizes the significant conclusions from the research and 
presents recommendations for future work. 
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Figure 1.1. COlnparison of mean strength reduction factors and ductility 
demand for firm soil sites. (Miranda, 1997) 
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CHAPTER 2 
EVALUATION OF CONNECTION FRACTURE OF STEEL MOMENT FRAMES 
2.1 Overview 
Brittle fractures in welded steelilloment connections during the Northridge earthquake 
have been observed in over 200 investigated buildings ranging from 1 to 26 stories. These wide-
spread failures have raised issues concerning inspection, evaluation, rehabilitation, and perfor-
mance of existing structures. This necessitates the developillent of a reasonable model that can 
emulate the basic hysteretic characteristics of fractured connections in buildings in order to eval-
uate the seriousness of these fractures. At the structural systelll level, it also necessitates the de-
velopment of a computer program that can provide realistic and efficient representations of frac-
ture and post-fracture behavior of structures. Results from such a progratll can provide valuable 
information about connection performance and overall system performance; also, these results 
aid in structural performance prediction and evaluation. 
Current nonlinear analysis procedures used in structural design and evaluation consist 
of nonlinear pushover and nonlinear time history analysis. Nonlinear static push over analysis 
is a convenient method for performance-based evaluation and rehabilitation of buildings in 
practice. However, the usefulness of these methods needs to be addressed for structures with 
fractured beam-to-column connections. This is because in order to maintain the state of equi-
librium during the static analysis, there must be a mechanism of releasing energy from the frac-
tured connections. The nonlinear dynamic time history analysis procedure is considered to be 
a relatively accurate method for the evaluation of structure performance under earthquake load-
ing. However, low cycle fatigue fracture associated with cumulative energy dissipation in cer-
tain connections may also be important in dynamic time history analysis. 
Studies in this chapter focus on the development of the connection fracture material 
model and the modification of the finite element program DRAIN-2DX. Testing and samples 
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of application using the program as well as the connection element will also be conducted in this 
chapter. 
2.2 Fracture of Welded Steel Moment Connections under Earthquake Loading 
The Northridge earthquake fractured a number of welded steelinoment resisting fraines 
in their beam -column connections. This was observed in buildings from 1 to 26 stories in height. 
Even among structures that appeared from a visual inspection to be slightly damaged, reinoving 
fire proofing materials froin the joints revealed extensive failures of mOlnent resisting connec-
tions of a nature never previously reported. For example, the one-year-old four-story Borax 
Corporate Headquarters Building initially did not appear to have structural darnage. However, 
investigation revealed moment-resisting connection darn age in 100% of the second floor, 93% 
of the third floor, 57% of the fourth floor, and 50% of the roof (Hajjar, et aI., 1995). 
Figure 2.1 shows the configuration of a typical mOlnent connection that is cOlnlnonly 
used in California and experienced various types of damage during the Northridge earthquake. 
Generally speaking, this type of Inoment connection provides moment transfer through com-
plete penetration butt welds between the beam flanges and the coluinn flanges or continuity 
plates. The shear force is resisted by the beam web connection which consists of a vertical plate 
welded to the column, to which the beam web is either bolted, or bolted and partially welded. 
In California, as well as in many other states, strong column weak beam design is adopted 
in most steel structures. W14s are usually used for columns, and W24s or W36s are used for 
beams. The earthquake damage of the connections was primarily in the bottom flange weld, a 
multipass weld that connects the bottom flange of the girder to the flange face of the column. 
The fractures observed from the Northridge earthquake are considered to be unacceptable fail-
ures because they may lead to full or partial collapse. The common types of fractures observed 
from the damaged buildings are illustrated in Figure 2.2. They can be classified into the follow-
ing categories (Krawinkler, 1995): 
a. complete fracture at the weld-column interface 
b. cOlnplete fracture propagating up the column flange, resulting in a divot 
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c. partial fracture propagating up the column flange 
d. fracture trJough \veld metal 
e. fracture across beam flange at the toe of weld 
f. lamellar tearing in column flange 
g. horizontal or inclined fracture across column flange 
h. fracture across column flange and part of web 
Almost all of the observed fractures were brittle in nature. It seems that the failures oc-
curred during one or two strong pulses of ground motion. However, some yielding was found 
in a few connection failures. Specifically, local buckling of girder flanges, flexural yielding of 
columns, and girder web bending was observed. Many of the fractures vvere found with the crack 
stopping short of complete fracture. These were discovered by ultrasonic testing. 
2.3 The Causes of Welded Steel Moment Connection Failure 
Connection failures are caused directly by weld fracture. But beyond the welding prob-
lem, failures may also be attributed to design and material problems. Both experimental and ana-
lytical studies have shown that many factors may have contributed to connection failures, and 
no one single factor is fully responsible. 
As we know, the seismic moment-resisting connection fulfills two basic functions. One 
function is called "rigidity". Rigidity prevents large relative rotations between beams and col-
umns in order to IiI nit story drifts. The second function is called "strength"; it is associated with 
the capacity to transfer moment from beam to column. These two functions rely on each other, 
but the fracture of the connection will directly cause a loss of both strength and stiffness. The 
value of the maximum moment that can be transferred through a connection is difficult to evalu-
ate and depends on many parameters. In engineering practice, it is usually assumed to be the 
nominal plastic bending strength of the beam that can be attained. The actual maximum moment 
developed in the beam can be twice as much as its nominal value due to strain hardening and 
material overstrength. Therefore, during the earthquake, the connection element may face a 
much larger moment than was expected in the design. Weakness of the panel zone may also re-
duce the capacity of the connection. 
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Among existing steel structures, many buildings have only few moment-resisting 
frmnes. This results in large column and bemn sizes. Enforcing drift liInitations in the design 
makes the section sizes even bigger. A slnaller section depth (e.g., W14) is usually used for col-
Ulnns to increase floor space. However, it requires a very large flange thickness in order to stiffen 
the fraIne. All these connection configurations require large welds, thus increasing the likelihood 
of cracks and fractures. 
Relative strength of beams, columns, and the panel zone at ajoint greatly affects the per-
formance of moment connections. For instance, the strong-column -weak -beam configuration 
is commonly used in design practice. This configuration may result in high inelastic defonnation 
in the beams. Therefore, connections are required to be able to transfer higher moments than 
were expected. Weakness in the joint panel zone can also cause local kinking at the four panel 
corners and create high strains and curvatures in the beam flange. This may lead to fracture of 
the welds. During the investigation of the dmnaged buildings, a large nUlnber of bottom flange 
fractures were found. 
Among beam top flanges, however, only a few fractures were observed. There are three 
primary reasons for this phenomena: ( a) because floor slabs provide composite action with the 
top flanges of beams, forces are partially transferred through the floor slab thus reducing the 
stresses in the top flanges; (b) cOlnposite action may also raise the neutral axis of beams in bend-
ing' which increases the bottom flange and reduces the top flange stress levels; and (c) the iInper-
fections in bottom flange welds caused by welding processes may also playa key role in the frac-
tured connections. The bottom flange weld requires the welder to weld through the cope hole 
which is very difficult to do. 
For most cases in Figure 2.2, cracks are initiated from back-up bars. In the Northridge 
earthquake damaged buildings, significant imperfections were found along the interfaces of 
welds and back - up bars. These imperfections are usually caused by slag inclusions along the root 
pass of welds. Slag inclusions Inay be considered as equivalent initial cracks in connections, 
which can propagate even at low levels of stress. The common practice prior to the Northridge 
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earthquake was to leave the backing bar in place. This exacerbates the notch effect. The backing 
bars should have been removed; the root pass ground out, the root pass rewelded and strength-
ened with a fillet weld. Equally serious, however, was the fact that a brittle welding material with 
very little notch toughness was used in most instances. 
Earthquake loads applied to structural steel connections essentially can be considered as 
low cycle fatigue or iInpact loading. Under this type of cyclic loading, welds with inclusions may 
result in an effective strength reduction of 25% to 50%. 
2.4 Performance Characteristics of Northridge Steel Moment Connections 
Many experiments on welded steel mOlnent connections have been perfonned in the 
United States since the Northridge earthquake. Most of these experiInents used full size speci-
mens. Several fractured connections relnoved from damaged Northridge structures were also 
tested. Figures 2.3 through 2.7 show some of these test results (Anderson, Johnston, and Par-
tridge, 1995). The experiInents were used displacement controlled cyclic loadings. These fig-
ures represent mOlnent and rotation relationship for a joint; these types of plots are commonly 
referred to as hysteresis curves. Figures 2.3 through 2.5 are the hysteresis curves obtained frOin 
testing the Northridge damaged connections. In these figures, the horizontal axes represent the 
total joint rotations. Figures 2.6 and 2.7 show moment versus plastic rotation relationships of 
two newly made connections. 
In Figure 2.3, the damaged specimen 1 has positive stiffness and strength degradations. 
Positive strength is the moment capacity of a connection having tension in the beam bottom 
flange. Therefore, the positive degradations could be caused by top flange local buckling or pan-
el zone buckling. Serious negative pinching can also be found in Figure 2.3. This hysteresis loop 
pinching is due to the opening and closing of the cracks or bolt connection slippage under load 
reversals. Pinching reduces the energy dissipation capacity of the beam. A consequence of this 
is that other beams that have uncracked connections Inust dissipate more energy. 
In the case of Figure 2.4, there is almost no degradation on the positive moment side, but 
its moment capacity is smaller compared with the case of Figure 2.3. This behavior can be inter-
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preted as follows: after the positive moment has degraded to SOlne level, the remaining strength 
will be kept constant or sometimes may even have a little hardening. 
The positive pinching of specimen 3 in Figure 2.5 COlnes from bolt slippage, but its ulti-
In ate positive mOlnent capacity still has a constant level, as is shown in Figure 2.4. 
Figure 2.6 and Figure 2.7 show the hysteretic behavior of newly made lnoment connec-
tions using better welding material and procedures than those typicals of the pre - Northridge pro-
cedure. The cracking plastic rotation is about 0.02 radians in Figure 2.6. A satisfactory perfor-
mance level of standard connections is usually defined as achieving a plastic joint rotation of 
approxiInately 0.03 radians without local failure. Figure 2.7 more likely depicts the behavior of 
Northridge moment connections. The cracking occurred at a plastic rotation of 0.007 radians. 
Both positive and negative pinching occur after fracture. The pinching shown in Figure 2.7 can 
be described as the mOlnent gradually increasing to a certain level and then rapidly building up 
to its ultimate post-fracture strength. The first moment, which is right before it has been rapidly 
built up, is called the pinching mOlnent. It may be approximately defined as a constant lnoment 
for positive or negative pinching. After the pinching moment has been reached, the ultiInate frac-
tured strength can be built up after a relatively short rotation. This displacement where the 
strength begins to build up can be estimated as a function of the fracture strength. 
The experimental results have also shown that the fractures of connections usually occur 
at small plastic rotations. In some cases, fractures even occurred within the first inelastic excur-
sion. It is apparent that the Northridge moment connections can not be relied upon to develop 
plastic hinges in beams with adequate rotation capacity. In addition, the weakness of the panel 
zone causes local inelastic defonnation which may affect the fracture of welds. Therefore, in 
order to evaluate connection performance, one should take into account the panel zone effect. 
After a local fracture occurs, positive moment strength is reduced significantly due to 
a crack opening between a beam's bottom flange and the column face. In such conditions, only 
the shear plate connection and the beam top flange acting compositely with the slab can provide 
resisting moment. This bending strength is about 10% to 40% of the undamaged capacity, and 
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it can be maintained for a large deformation. On the other hand, the negative moment usually 
causes crack closure. This can be seen in the negative mOlnent pinching effect in the hysteresis 
loops shown in Figure 2.7. The original negative strength can almost be fully achieved. 
2.5 Analysis Model of Moment Connection Element 
In order to address structural level of performance of a building, and because there are 
no simple answers to the question of consequences of connection darnages, it is very iInportant 
to develop better structure analysis prograrns that pennit realistic and efficient representations 
of fracture and post-fracture behavior. It necessitates the developlnent of a realistic hysteretic 
element model of a fractured connection. Previous sections have already discussed the basic hys-
teretic behavior of the Northridge moment connections. It shows that the pre-fracture and post-
fracture characteristics are clear, and that the behavior may be approximately determined by cal-
culating the undamaged and the fractured joint configurations. The difficulty is how to 
determine the rotation associated with the fracture because it varies from joint to joint and with 
widespread values. 
The finite element connection model configuration proposed by Krawinkler (Krawin-
kler, 1996) is illustrated in the upper portion of Figure 2.8. It consists of three rotational connec-
tion springs, two of them located at each end of the beams, and one located at the beam -column 
intersection. Krawinkler's connection model is a revised version of his joint panel zone Inodel, 
the joint panel zone model only has the middle spring element. In this Inodel, the two beam 
springs have a very large elastic stiffness and a strength equal to the bending strength of the beam, 
and the panel spring is modeled using the stiffness and the strength of the panel zone. Therefore, 
the springs in this model are supposed to function as beam hinges and panel zone separately. 
Problems discovered for this connection model configuration are the follows: First, in many 
cases, strength of panel zones is less than the strength of beams, especially when the contribution 
of the floor slab to the strength of beams is considered in the structural modeling. Once the panel 
zones yield, plastic deformation will be concentrated in the panel springs, little plastic defonna-
tion can be found in the beam springs. Therefore, fracture mechanism can not be applied in these 
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beam springs. Second, the beam -to-column joints are usually tested based on an integrated joint 
configuration. Thus, it is very difficult to obtain joint infonnation by separating the bealn behav-
ior and panel zone behavior from the test results. Hysteresis lnodels of connection fractures are 
usually determined according to laboratory testing results. The finite element connection model 
configuration used in this study is illustrated in the lower portion of Figure 2.8. It consists of two 
rotational connection springs located at each end of the bearn members. In this lnodel, each of 
the springs will behave as beam hinge and joint panel zone. The stiffness of these connection 
springs is equal to relative joint panel zone stiffness at its location, the strength of the springs 
can be chosen as the smaller value of bearn strength and panel zone strength (half panel zone 
strength for springs at interior bearn-to-column connections). Therefore, the two spring model 
also has the following advantage: First, hysteresis conflicts between beam spring and panel 
spring are eliminated. Thus, it makes the analysis program more stable. Second, experilnental 
data can be directly used for modeling the hysteresis loops of fractured connections. However, 
the disadvantage of the two springs model is that the panel zone stiffness and strength are lnod-
eled with two springs, and these two springs may not have the same deformation. In reality, a 
panel zone behaves as an integrated structurallnember, it only has one strength and one deforma-
tion. Usually, moment values at each side of columns are close, this can result in similar deforma-
tions for the two springs. Therefore, the two springs connection model is chosen for this study. 
SAC (A j oint venture partnership of the Structural Engineerings Association of Califor-
nia' the Applied Technology Council, and the California Universities for Research in Earthquake 
Engineering) suggests using the following values as panel zone yield lnoment (My), yield rota-
tion (By), and rotational stiffness (Ky): 
where, My = 0.55 . Fy . de . tp . db 
F B =-y-
y f3 G 
M K =-y 
y By 
de = column depth 
tp = panel thickness 
db = beam depth 
G = shear modulus 
(2.1) 
(2.2) 
(2.3) 
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Each of connection springs in Figure 2.8 must represent the hysteretic characteristics of 
a bealn-to-colurnn connection with fracture. The behavior of such an element is proposed in 
Figure 2.9 and easily explained by following the numbers in the figure. These numbers represent 
the possible loading and unloading paths. Following is a brief description about the connection 
element. A detail description and a user guide on the connection elelnent are included in Appen-
dixA. 
The hysteretic loop is initially very stiff. The stiffness is equal to the rotational stiffness 
of the joint at its location. Very large stiffness values can be used for ignoring the panel zone 
softening effect. The strength of connection element My +, My - is the smaller value of beaIn 
strength and panel zone strength. A positive and a negative fracture under monotonic loading 
( ()1)+ and ()1)- ) are used as input. In Figure 2.9, the dynamic hysteresis path is represented by 
solid lines. The dotted lines represent the static moment-rotation relationship of a connection 
element. Using a different hysteresis loop for the static push -over analysis can avoid the stiffness 
deterioration that has been progralnmed in the dynamic hysteresis loop. This will make the anal-
ysis more stable when many connections in structures are fractured in the Saine time. Optional 
post-fracture pinching can be modeled by using input parameters Mg+, Mg-, Pl, and P2. 
The damage index proposed by Park and Ang (1984) is adapted here to address the low 
cycle fatigue fracture mechanism (Park, Ang, and Wen, 1984). Besides the Park and Ang's dam-
age index model, many other damage prediction models, including the Chung, Meyer and Shino-
zuka's local damage index (Chung, Meyer, and Shinozuka, 1987), and the Krawinkler damage 
index (Nassar and Krawinkler, 1991), are also available. Because connection fracture is due to 
defects and improper design of joints, therefore, normal damage prediction procedures are not 
applied in this case. The Park and Ang's daInage model directly considers the contribution of 
the maximum deformation of a joint, and has better control on fracture occurrence. Therefore, 
the Park and Ang's damage model is selected for this study, it is expressed as follows: 
(2.4) 
Where, 
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bm = maximum response deformation under earthquake 
bu = ultimate deformation capacity under monotonic loading 
My = calculated yielding strength 
dE = incremental dissipated hysteretic energy 
~ = non-negative parameters 
a = non-negative parameters 
The first term in the above equation accounts for the contribution froln Inaximum deformation 
that has occurred at any time. The second term accounts for the contribution from dissipated hys-
teretic energy. If the calculated DI value is greater than or equal to 1.0, this indicates that the 
connection has fractured. Coefficients used in the dynalnic index fonnula are usually detennined 
from case study and experimental data. For exaInple, a of 1.0 and ~ of 0.05 to 0.1 for less fatigue 
effect, and ~ of 0.2 to 0.3 for great fatigue contribution to fracture. 
Because the properties of the connection fracture hysteresis model in Figure 2.9 are de-
fined based on the joint behavior under the static monotonic loading, therefore, the connection 
local damage index can also help the finite elelnent progratn to detennine the fracture point of 
a joint dynamically according to the maximum defonnation and the dissipated hysteretic energy 
of the joint. 
DRAIN-2DX (Prakash, Powell, and Campbell, 1993) (Powell, 1993) is a well-known 
computer program for conducting inelastic static/dynamic structural finite element analysis. 
Modifications and additions to the current version of the program are major accolnplishments 
in this study. 
2.6 Nonlinear Static Push-over Analysis Procedure 
Static nonlinear analysis in DRAIN-2DX is performed by an event-to-event scheme, 
where each event corresponds to a significant change in stiffness. The event-to-event scheme 
is simpler cOInpared to an iteration scheme. To reduce execution time, the current DRAIN -2DX 
program is made for event overshoot tolerances to be specified, so that the structure stiffness is 
not modified at each exact event but at a somewhat larger load. This allows more than one ele-
ment to change its stiffness at each event and reduces the number of times the stiffness matrix 
must be modified. 
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Displacement-controlled nonlinear static push-over analysis of structures with connec-
tionfracture can be used to evaluate the behavior of damaged structures. The analysis procedure 
is different from the procedure used for normal structural static analysis because the fracture of 
a connection can suddenly cause an unbalanced moment at the fractured joint, sOlnetitnes, the 
structure becomes unstable. The push -over analysis program should be able to redistribute this 
unbalanced Inoment to other members of the structure. The "displacement control" means that 
at each load step, displacement at a selected node location should equal to a predefined value. 
The displacement-controlled analysis procedure can not be interpreted as calculating structural 
melnber forces by applying displacelnent to the structure. This is because the displacelnent pro-
file of a MDOF structural system is usually unknown. Distributed horizontal loads are applied 
to each story of a building, and these forces are proportional to each other. In static push -over 
analysis of structures with earthquake load, distributed forces have to be applied to structures. 
Therefore, instability of the structure at each load step should be taken into consideration. A pro-
cedure for analyzing nonnal structures without fractures is the following: 1) apply a unit distrib-
uted load at the beginning of a load step and calculate the displacelnent of the controlled node, 
and 2) scale the distributed load using the ratio of the calculated the displacelnent under the unit 
load to the predefined control displacement. In order to analyze structures with connection frac-
ture an iteration loop must be added to the base program of the finite element code to redistribute 
unbalanced moment caused by connection failure. 
The flow chart in Figure 2.10 shows the algorithm for performing "displacelnent-con-
trolled" static push -over analysis. This algorithm is explained in detail as follows. After element 
stiffness matrices are formed, the structural stiffness matrix, and a unit load vector representing 
earthquake load pattern are formed. The first step in the iteration loop is to calculate the displace-
ment of the control node by pushing the structure with the unit load vector. The second step is 
to calculate the scale factor by dividing the predefined control displacement by the calculated 
displacement. The scale factor may be negative due to fracture of connections. A negative scale 
factor indicates that the program is applying load in the opposite direction to make structure 
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stable. It also Ineans that potential energy stored in the structure has been released. Steps 3 and 
4 are to push structures with the scaled load and then calculate unbalanced force vector. Step 5 
and 6 are to apply the unbalanced forces to the structure and calculate the maxiIllum unbalanced 
force amonQ: each element. In the last steo of the 1000. a user defined tolerance is checked to de-
- -- - - (....) ..!. A. .... 
termine whether to go to the next load step or to repeat the calculations above to reduce the unbal-
anced force and to bring the structure into equilibrium. During the iteration, unbalanced forces/ 
IllOlllents caused by connection failure are redistributed and the control node converges to the 
predefined location. At the end of the iterations, the structure remains stable and in equilibriulll, 
and it is ready for the next load step. 
This displacelllent-controlled push -over algorithm has been progralllllled into DRAIN-
2DX. Analyses using the revised program have shown convincing results for the evaluation of 
connection fracture of steelllloment frames. This static push-over analysis can be easily delllon-
strated by studying the single bay portal frame structure shown in Figure 2.11. The portal frame 
has two connection elements located at each end of the beam. Before yield, these connections 
are infinitely rigid. The left connection has a plastic moment capacity of 500 kip-in, and it can 
fracture at a plastic rotation of 0.02 radian. The right connection has a moment capacity of 400 
kip-in, and a fracture rotation of 0.04 radian. The connections have very small post-yielding 
strain hardening. A single push-over force is applied at the beam level from the left to the right. 
Results of the analysis are presented in Figure 2.12. In the top total base shear versus story dis-
placement plot, the initial stiffness is produced by the llloment-resisting beam and columns. At 
base shear of 5.2 kips, the stiffness is reduced due to the yielding of the right connection. There-
after, the frame reaches its plastic state of 6 kips, and has two major strength drops at displace-
ment of 5 inches and 7.5 inches due to left connection failure and right connection failure respec-
tively. In the two lower hysteresis plots of Figure 2.12, one can see two unload paths which are 
located at about 0.045 radian of the left connection and 0.025 radian of the right connection. This 
phenomenon is directly related to the aforementioned equilibrium iteration and results when the 
beam and the columns were straightened up and the connections were unloaded after each con-
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nection failure. The DRAIN-2DX input file for performing the push-over analysis of the portal 
frame is given in Appendix B.1. 
2.7 Dynamic Time History Analysis Procedure 
Inelastic dynamic titne history analysis can be performed to evaluate existing buildings 
which may potentially fracture under earthquake loading. The step-by-step integration schelne 
is used in the dynalnic analysis. The titne step varies during the analysis on the basis of input 
error tolerances. This option is particularly useful if yielding, pinching, or fracture occurs, be-
cause a small step is needed to obtain accurate results for an event occurring; however a longer 
step can usually be used for most of the analysis. 
Energy balance computations are performed to identify the static work, the energy ab-
sorbed by viscous dalnping, the kinetic energy, and the input energy. The event-to-event strate-
gy implemented in DRAIN-2DX sometimes has difficulty maintaining nUlnerical stability dur-
ing the rapid decrease in strength after fracture. A substantial energy unbalance indicates that 
the analysis has not been performed correctly. 
2.8 Study of the SAC Benchmark Three-Story Building 
2.8.1 General information 
A three-story building provided by the SAC Steel Project is studied as an application of 
the revised DRAIN-2DX program as well as its new fracture connection element. The SAC 
Steel Proj ect is a j oint venture of the Structural Engineers Association of California, the Applied 
Technology Council, and the California Universities for Research in Earthquake Engineering. 
The SAC three-story benchmark building is defined for evaluation and comparison of cOlnputer 
programs for system analysis. Two major research programs funded by FEMA are being adlnin-
istrated by the SAC joint venture. These are referred to as SAC Phase 1 and Phase 2. The plan 
view of the structure and the elevation of the benchmark frame are shown in Figure 2.13. The 
frame used in the study is a perimeter NS fralne of a three-story building designed for Los An-
geles conditions. Three of the bays are moment-resisting, and the fourth bay has simple bealn-
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to-column connections. An 80-second duration ground acceleration (see Figure 2.14) is also 
provided by SAC for dynmnic analysis. The ground Inotion is the 270 degree cOInponent of the 
Yermo record frOln the 1992 Landers earthquake. It has 4000 points at a tilne step of 0.02 sec-
onds. 
Gravity loading applied to the structurailnodel represents all tributary dead loads (in-
cluding cladding and steel self weight) and 20 psf live loads: 
effects: 
., Uniformly distributed load on all beams (floor) between column lines A and E: 
w = 0.986 kips/ft 
49 Uniformly distributed load on all bemns (roof) between colulnn lines A and E: 
w = 0.840 kips/ft 
" Concentrated loads at all joints (floor) on column line A and E (from transverse bemns 
and cladding): 
P = 22.90 kips 
" Concentrated loads at all joints (roof) on column line A and E (from transverse beams 
and cladding): 
P = 19.90 kips 
" Concentrated loads at all joints (floor) on column lines B, C, and D (from transverse 
beams and cladding): 
P = 34.00 kips 
" Concentrated loads at all joints (roof) on column lines B, C, and D (from transverse 
beams and cladding): 
P = 30.50 kips 
Additional gravity loads tributary to interior simple frames need to be considered for P-~ 
" At floor: 
• At roof: 
P = 1083.35 kips 
P = 963.35 kips 
Seismically effective masses and material properties are defined as follows: 
'" At floor: 
• At roof: 
M = 31.9 kips sec2/ft 
M = 30.5 kips sec2/ft 
• All beams: use Fy = 36 ksi 
.. All columns: use Fy = 50 ksi 
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Static push -over analysis and dynamic earthquake time history analysis are required for 
the study to evaluate the structural behavior. Four different analysis models are proposed by SAC 
for the benchmark study. Modell is based on centerline diInensions and must include realistic 
P-ilload. Model 2 is a centerline analysis with high P-ilload. Model 3 is a clear span analysis 
with realistic P-ilload. Model 4 is a centerline analysis with realistic P-ilload and considers 
post-fracture response. In the following sections of this chapter, the SAC post-fracture Inod-
el(#4) is studied by using the revised DRAIN-2DX program and the connection fracture Inodel 
described in the previous sections. Results are presented in SAC standard output format with 
tables and plots for each analysis. 
2.8.2 SAC post-fracture model (Model 4) and assumptions 
The DRAIN-2DX model of the SAC post-fracture structure with detail node and ele-
ment information is presented in Figure 2.15. The numbers of these nodes and elements are asso-
ciated with their DRAIN - 2DX modeling configuration. The DRAIN -2DX analysis input files 
of the SAC post-fracture models are included in Appendix B.3. 
Basic assumptions for the post-fracture structural models are listed below: 
.. The contributions of floor slabs to strength and stiffness are neglected. Three percent 
strain hardening applies for the beams and the columns. M - P interaction of the columns 
is Inodeled by two straight lines (Mpc = Mp). 
• Beam plastic hinges and column panel zones are modeled using connection rotational 
spring elements located at each end of the beams. No hinge is defined inside the beam 
element. The stiffness of the spring elements represents the column panel zone stiffness, 
and the strength of the spring elements is the moment capacity of the beaIn section. One 
percent of strain hardening ratio (instead of three percent) is used for these spring ele-
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ments because stiffness of the panel zone is much larger than the stiffness of beaIn ele-
ment. 
• The modeling of a typical joint and the moment connection post-fracture hysteresis are 
shown in Figure 2.8 and Figure 2.9. In the post-fracture lnodel for this example, it is as-
sUlned that one third of the connections will be fractured at positive rotation of 0.005 ra-
dian, one third will fractured at a positive rotation of 0.015 radian, and the remaining one 
third will be fractured at 0.025 radian under static lnonotonic loading. Positive post-frac-
ture lnOlnent ratio is 30% for all connection spring elelnents. Negative fracture rotation 
under monotonic loading is 0.06 radian. Negative post-fracture moment ratio is 50%. 
These negative moment parameters apply to all beam mOlnent connection elelnents. 
• Paralneters such as positive pinching rotation of 0.01 and negative pinching rotation 
of 0.004 are used in the program input to define stiffness degradation of moment connec-
tion post-fracture behavior. These values are selected according to some experiential 
data. These parameters usually have no significant effects on maximum values of struc-
tural performance. 
• In the earthquake dynamic analysis, the damage index CD!) expressed below is used 
to address the low cycle fatigue effect on the fracture. The damage index is a linear com-
bination of the damage caused by excessive defonnation and the dissipated hysteretic 
energy. A positive fracture and a negative fracture under monotonic loading ( ()u+ and 
()u - ) are used as input. ~ and a are also input parameters; they are the linear coefficient 
and the power coefficient of dissipated hysteretic energy respectively. In this calculation, 
~ of 0.15 and a of 1.0 are used for all moment connections to take into account the low 
cycle fatigue effect. 
2.8.3 Static push-over analysis 
Displacement controlled static push -over analysis is performed to evaluate elastic initial 
stiffness, yielding, and ultimate strength of the structure at different stages of roof displacement. 
An earthquake load with a distribution pattern of 17% to floor 2, 34% to floor 3, and 49% to the 
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roof is applied to the "right" (from colulnn line A towards column line B) of the structure. The 
structure is pushed to a roof displacelnent of 20 inches, which is equal to 4.3% average drift of 
the building. Analysis results are provided in Figure 2.16 and the following tab les, using the SAC 
required fonnat. 
Interstory Drift (in inches): 
Story 
at top displacement of 
2" 5" 10" 15" 20" 
1 0.5457 1.3360 2.5326 3.8937 5.6311 
2 1.3252 3.3041 6.3514 9.4208 12.8726 
3 2 5 10 15 20 
Beam Moments (in k-in): 
Location 
at top displacement of 
2" 5" 10" 15" 20" 
B2AB, at B (right end) 7414 13830 14310 15110 15940 
B2BC, at B (left end) 5607 13670 14420 6373 7202 
B2CD, at D (right end) 7585 13840 14470 15050 15520 
B3AB, at B (right end) 6985 13780 14450 15380 16160 
B3BC, at B (left end) 5289 13630 14580 6633 7410 
B3CD, at D (right end) 7104 13790 14550 13620 15670 
B4AB, at B (right end) 3023 5635 6123 6798 7348 
B4 BC, at B (left end) 1515 4637 6068 3453 4011 
B4CD, at D (right end) 3012 5620 6244 6777 7067 
Colulnn Moments (in k-in): 
Location 
at top displacement of 
2" 5" 10" 15" 20" 
CIB, bottom 11240 26210 30660 30930 32480 
CIB, top 5579 11060 7607 2521 3544 
CID, bottom 8087 18800 24660 25040 26130 
CID, top 2910 5116 2888 1389 1623 
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Beam Plastic Rotations (in rad.): 
Location 
at top displacement of 
2" 5" 10" 15" 20" 
B2AB, at B (right end) 0 0.00286 0.00904 0.01948 0.03011 
B2BC, at B (left end) 0 0.00087 0.01056 0.02840 0.03913 
B2CD, at D (right end) 0 0.00380 0.01398 0.02339 0.03098 
B3AB, at B (right end) 0 0.00226 0.01094 0.02286 0.03298 
B3BC, at B (left end) 0 0.00029 0.01251 0.03191 0.04207 
B3CD, at D (right end) 0 0.00297 0.01527 0.02495 0.03349 
B4AB, at B (right end) 0 0.00208 0.01130 0.02233 0.03134 
B4 BC, at B (left end) 0 0 0.00915 0.02881 0.03802 
B4CD, at D (right end) 0 0.00230 0.01510 0.02603 0.03263 
Column Plastic Rotations (in rad.): 
Location 
at top displacement of 
2" 5" 10" 15" 20" 
CIB, bottoln 0 0 0.00527 0.01307 0.02410 
CID, bottom 0 0 0.00411 0.01250 0.02345 
2.8.4 Dynamic time history analysis 
Dynamic analysis of the benchmark structure is performed based on the ground motion 
described in Section 2.8.1. Analysis solutions are represented by graphs in Figure 2.17 and Fig-
ure 2.18: 1) time history of roof displacement; 2) time history of first story displacelnent; 3) tilne 
history of plastic rotation of Beam B2CD at D; 4) time history of input energy; 5) time history 
of energy dissipated by damping; and 6) energy dissipated by plastic defonnation. The hysteresis 
response of a typical bemn-to-column connection (connection elelnent #4) is illustrated in Fig-
ure 2.19. In the above figures, results from analyzing a relevant bilinear elastic-plastic model 
of the structure are also presented for comparison. Other useful structural behavior infonnation 
are listed as follows: 
Maximum Roof Displacement (in inches): 23.51 
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Maximum lnterstory Drift (in inches): 
Story lnt. Drift 
1 6.7704 
2 8.6265 
3 9.0160 
Maximum Bealn Moments (in k-in): 
Location Moment 
B2AB, at B (right end) 16330 
B2BC, at B (left end) 14920 
B2CD, at D (right end) 15920 
B3AB, at B (right end) 16880 
B3BC, at B (left end) 14900 
B3CD, at D (right end) 16290 
B4AB, at B (right end) 8092 
B4 BC, at B (left end) 6578 
B4CD, at D (right end) 7685 
MaxiInUln Colulnn Moments (in k-in): 
Location MOlnent 
CIB, bottom 33290 
CIB, top 22570 
CID, bottom 26710 
CID, top 14440 
Maximum Beam Plastic Rotations (in rad.): 
Location Rotation 
B2AB, at B (right end) -0.03695 
B2BC, at B (left end) 0.04591 
B2CD, at D (right end) -0.03962 
B3AB, at B (right end) -0.04408 
B3BC, at B (left end) 0.05319 
B3CD, at D (right end) -0.04560 
B4AB, at B (right end) -0.04324 
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B4 BC, at B (left end) 0.05129 
B4CD, at D (right end) -0.04586 
Maximuln Colulnn Plastic Rotations (in rad.): 
Location Rotation 
C1B, bottom 0.03247 
C1D, bottom 0.03687 
Dynamic Properties: 
• Modal periods (in sec.): Tl=1.0640 T2=0.3367 T3=0.1710 
• Modal Participation factors: PF1=-2.5396 PF2=-1.0383 PF3=0.5751 
Energy Tenns: 
• Input energy at end of record: 46390 k-in 
" Energy dissipated by damping (full structure): 10030 k-in 
" Energy dissipated by cumulative inelastic deformations (full structure): 36360 k-in 
One interesting observation of Figure 2.17 is that the pennanent post-earthquake dis-
placement is larger for the frmne with no fracture. After a number of fractures occurred, the ef-
fective period of the building becomes large and the building tends to move back toward zero 
displacement. However, this result is maya function of the short tilne over which the strong Ino-
tion occurred. 
2.8.5 Conclusion 
The study of the SAC benchmark three-story building has shown the applicability of us-
ing the proposed structural model and the analysis procedures to conduct research on the steel 
moment buildings dmnaged in the Northridge earthquake. The following general observations 
can be made based on the results and the figures presented in the previous subsections: 
• The configuration of structural modeling in Figure 2.15 has been proved to be an effec-
tive finite element model for studying the structures which have various connection be-
havior. 
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CII The static push-over analysis results shown in Figure 2.16 can provide valuable infor-
mation for the rehabilitation of the structures damaged in the Northridge earthquake. The 
redistribution of Inoments after fracture or yield can be followed. The residual strength 
of the building at the maximum expected drift can be estimated. At this point in the re-
sponse of the building, the local and global stability of the structure can be investigated 
by the engineer. Therefore, the static push -over analysis procedure can play an iInportant 
role in the future perfonnance based structural design and rehabilitation. 
• The dynarnic response of structures with connection failure as presented in Figure 2.17 
and Figure 2.18 has shown that connection fracture occurred during the strong motion 
part of the earthquake. Relevantly, the ainplitude of story displacement was also in-
creased. When comparing these results to cases where structures experience no connec-
tion fracture, one can see that after fractures have been produced in the structure, the 
structure will oscillate in fairly high arnplitude and in relatively low frequency. As the 
duration of the earthquake increases, this oscillation can cause more structural and non-
structural darnage. Also, low cycle fatigue can greatly affect the creation of new connec-
tion fractures in the structure. Fortunately, the strong Inotion of the Northridge earth-
quake lasted for only ten seconds; otherwise, less redundant fractured structures may 
have becoine very dangerous under such high amplitudes of oscillation. 
• In terms of energy, in comparison with the same structure modeled without fractures, 
the fractured structure has less energy input during the earthquake strong motion which 
is from 15 second to 30 second of the earthquake record. After the strong motion, the 
opposite holds true and more energy is dissipated by dainping and plastic deformation 
in the fractured structure; in other words more energy comes into the structure. This ef-
fect is illustrated in Figure 2.18. 
• Figure 2.19 has shown that the fracture of a connection can reduce the energy dissipa-
tion capability of the joint and cause more joint rotation. 
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Figure 2.1. Typical Northridge welded steellTIOment -resisting connection. 
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Figure 2.2. Fractures observed at bottom flange of welded 
steel moment connections. (Krawinkler, 1995) 
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Joint Model Proposed by Krawinkler 
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Figure 2.8. Modeling of elements at beam -column joints. 
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SAC Benchmark Ground Acceleration 
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Figure 2.14. SAC genchmark ground acceleration. 
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Push-over Analysis of SAC Benchmark Structure 
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Time history of roof displacement 
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Figure 2.17. Time history of structural dynamic response. 
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Figure 2.18. Tilne variation of energy dissipation. 
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CHAPTER 3 
ANALYSIS OF A FOUR-STORY BUILDING DAMAGED 
IN THE NORTHRIDGE EARTHQUAKE 
3.1 Introduction 
In the previous chapter, a moment connection fracture material model was proposed and 
the modified finite element program (DRAIN-2DX) using the connection fracture model was 
also discussed. Application of the program as well as the connection fracture model to the SAC 
three-story benchmark building has shown interesting results. However, the SAC benclnnark 
building does not cOlnpletely resemble a realistic existing structure. Many of the assumptions 
inherent to the structure, such as neglecting the contribution of floor slabs and damages in the 
structure, can cause unreliable analysis results. Therefore, it is necessary to study the structure's 
post-fracture behavior using realistic data from buildings dalnaged in the Northridge earth-
quake. A damaged four-story building, which was analyzed by Krawinkler et al. in the SAC 
95 -04 technical report (I<Iawinkler et aI., 1995), is selected for this task. There was no connec-
tion fracture finite element Inodel available at the time of the Krawinkler report. 
Background information on the damaged four-story building, including damage ob-
servations, analytical modeling, structural properties, and the preliminary results of the Krawin-
kler et al (1995) case study, will be summarized in the first part of this chapter. The first goal 
of this study is to use this information to address the post-fracture behavior of the damaged 
building. Because interstory drift and joint plastic rotation are two important indicators of frac-
tures, another purpose of this analysis of the four-story building is to exalnine the relationship 
between these indicators and the likelihood of fractures. 
3.2 Building and Damage Description 
The four-story steel building experienced many connection fractures in one of the NS 
perimeter moment resisting frames during the Northridge earthquake. The plan view of the 
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building is shown in Figure 3.1. Krawinkler et al. (1995) have detailed descriptions on the build-
ing and structural damage in their technical report. This section will briefly summarize the struc-
tural configurations and damage information presented in the technical report. 
The 111 ft X 63 ft rectangular four-story building has mOlnent resisting perimeter 
frames and interior simple frames. Examination of the moment fratnes of this building has 
shown that the fratnes are much stronger than required by the 1988 Uniform Building Code 
(UBC). The elastic base shear strength of the frames is more than three times greater than the 
code requirements at the allowable stress level. The ultimate strength of the frame is two tilnes 
greater than its elastic strength. At the time of the Northridge earthquake, the building was not 
occupied, thus, very little live load was present during the event. Section properties of the NS 
MRF and the adjacent interior simple fratnes are shown in Figures 3.2 and 3.3. Serious connec-
tion failures were discovered in the NS MRF on line D. No visible connection fractures are ex-
hibited in the other NS MRF or in the frames in the EW direction. This uneven distribution of 
fractures is caused by the irregularity of the building and the direction of the earthquake strike. 
The columns of the moment-resisting frames of the building are imbedded into grade 
beams and anchored to the building'S foundation. Therefore, the columns can be considered as 
fixed at their ground level. Floors and roof are constructed by using 6 1/4" thick lightweight con-
crete composite metal deck. The composite action was not taken into account in the design of 
non-frame beams and girders. A-570 grade 50 columns and A-36 beams are used in the design 
of the fralnes. 
Full penetration groove welds are utilized for the beam-to-column connections. A325 
bolts connect shear tab plates to the beam webs. The shear tabs are welded to the column flanges 
in the shop. A36 continuity plates, 1/4" less than beam flange thickness, were also applied to 
columns with full penetration groove welds. No doubler plates were utilized in any of the joints. 
These were typical joints as depicted in Figure 2.1. 
Visual inspection and nondestructive testing were performed in the examination of the 
beam - to-column moment connections of the building. Thirteen bottom flange failures and one 
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top flange fracture were observed among the total of 24 connections in the NS MRF on Line D. 
The luajority of the bottoln and top bearn flange to colulnn flange connection failures can be 
described as a pullout of the colUlnn flange Inaterial above the toe of the weld and cracks through 
the throat of the weld. This type of darn age is designated as SAC damage protocol type C2. This 
type of fracture is depicted in Figure 2.2(b). The locations of these fractured connections are 
shown in Figure 3.4. The black portion of the fracture sylnbol indicates the location(s) of the 
fractured bottoln, top, or both flange(s). 
3.3 Analytical Modeling of the Four-Story Building 
This section describes the creation of a realistic structural model for the study of post-
fracture behavior of the four-story building. Fractures occurred only in the NS MRF on Line 
D, and this NS frame has a larger tributary floor area than the other MRF on Line A, Therefore, 
half of the building is Inodeled as a combination of the exterior NS frame and the interior silnple 
frame linked together at floor levels by rigid links. The DRAIN-2DX centerline dimension 
model of the structure is presented in Figure 3.5. Modeling the interior simple frame as part of 
the structure is necessary due to this frarne's contribution to the building strength and stiffness. 
The fix-based orthogonal MRF at the two sides of the interior frame in the EW direction and 
the floor slab composite action provide considerable strength and stiffness for the silnple frame. 
The gravity loads distributed to each individual frame of the structure are also included in the 
structural model, thus, the p-~ effect can be taken into account during the analysis. Note that 
even a true "simple frame" will provide strength and stiffness since the columns are continuous 
and the slabs act as rigid links. 
The total seismic effective weight for the structure was also calculated by Krawinkler, 
including all uniformly distributed dead loads, the exterior walls, 10 psf partition load on the 
floors, and additional weight for the approximation of torsional effects. Therefore, the total 
weight of the structural model is more than half of the building weight. The effective seislnic 
weights in the NS direction for the DRAIN -2DX model are listed as follows: 
Floor: W2 = W3 = W4 = 
Roof: Wroof = 
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356 k 
312 k 
Total: 1380 k 
The following gravity loads applied to each individual structural melnber are obtained 
from the design company's doculnentation. No live load is considered in the analysis. 
Dead loads: Unifonnly distributed floor load 
Uniformly distributed roof load 
Weight of exterior walls 
= 79 psf 
= 74 psf 
= 16 psf 
A structural modeling configuration siInilar to that used in the study of the SAC bench-
mark building will be utilized in the analysis of the four-story building. In this study, however, 
the contribution of floor slab to beam stiffness and the contribution of floor slab to the strength 
of beams at each connection will be considered. Columns and siInple fralne bealns are modeled 
as standard beam-colulnn elements with strength of Mp. Beams in the NS Inolnent-resisting 
frame are modeled as linear elastic elements. Connection elements are located at each end of the 
MRF beams. As described in Chapter 2, the strength of the connection element is the slnaller 
strength of the beam and half of the panel zone to which the connection element is connected. 
The stiffness of the connection elements represents the bealn - to -colulnn j oint stiffness. Because 
the contribution of floor slab renders the positive strength of beams at connections much greater 
than the panel zone strength, the panel zone will yield first under positive Inoment subjected to 
earthquakes. The following strength and stiffness values of the column panel zone are calculated 
from the joint properties using Equations 2.1 and 2.3 from the previous chapter. Column yield 
stress of 57.3 ksi is used in the calculation of the following table. 
Stiffness and strength of the colUlnn panel zones: 
Location Stiffness (k - in/rad.) Yield Strength (k - in) 
2nd floor 2564991.1 7576.3 
3rd floor 2564991.1 7576.3 
4th floor 2544617.0 7516.1 
roof 1919454.0 5669.5 
Beam stiffness and the strength of beams at a connection, including the contribution of 
floor slab and post-fracture strength of beams at connection, are evaluated by Krawinkler in the 
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technical report (Krawinkler et aI., 1995). The following tables list SOlne of the properties that 
are relevant to this study. It can be seen that the effective positive and negative bending moments 
are much larger then the panel strength values listed previously. Therefore, the panel strength 
will control the strength of connections in this case. Detailed formulations and assumptions for 
the calculation of the following table can be found in the report (Krawinkler et aI., 1995). 
Four-story building MRF bealn properties: 
W24X76 W24X68 W18X40 
Yield stress Fy (ksi) 47.3 47.3 50.5 
Beam plastic moment Mp (k-in) 9460 8372 3959 
Effective positive bending strength Mps+ (k-in) 14882 13255 6798 
Effective negative bending strength Mps- (k-in) 11386 9918 4833 
Post-fracture positive bending strength Mf+ (k-in) 4488 4460 2566 
Post-fracture negative bending strength Mf- (k-in) 1530 1530 765 
Beam moment of inertia lb (in4) 2100 1830 621 
Effective beam moment of inertia leff (in4), L=20' 3318 2967 1136 
Four-story building simple beam properties: 
W21X50 W21X44 W18X35 
Yield stress Fy (ksi) 50.5 50.5 50.5 
Beam plastic moment Mp (k-in) 5555 4772 3358 
Effective positive bending strength Mps+ (k-in) 2877 2859 2500 
Effective negative bending strength Mps- (k-in) 765 765 765 
Beam moment of inertia lb (in4) 984 843 510 
I Effective beam moment of inertia leff (in4), L=20' 1743 I 1539 983 I 
Generally, panel zone strength is designed as 80% of the summation of total bealn plastic 
moments at a joint (UBe, 1988). From the above tables, one can see that the panel zone yield 
strength values are very small. It is because no doubler plate is utilized for any joint panel zone. 
If one divides the panel zone strength values into half for the spring elements at interior beam-
to-column connections, these values are close to or even smaller then the positive post-fracture 
strength of the beams. Therefore, the behavior of these connections is dominated by the panel 
zone behavior. The bilinear force-deformation model with strength of the larger value of post-
fracture beam strength and half of panel zone strength can be used for these interior connections. 
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For these joints with low panel zone strength, excessive plastic defonnation of panel zones Inay 
.. be a source of connection fractures. 
The connection elelnents of the structure are first modeled as bilinear in order to permit 
a series of analyses on the unfractured structural model. The purpose of these bilinear type in-
elastic analyses is to examine the behavior of the connections under the conditions of no fracture. 
Thereafter, the infonnation can be used for modeling connection fractures. These analyses in-
clude a push-over analysis and a dynamic tilne history analysis. The ground motion used in the 
dynamic analysis is a scaled Syhnar (Olive View) record froln the 1994 Northridge earthquake. 
In this study, the scaled Syhnar record with 0.5g peak acceleration is taken as the representative 
record for the site of the building. Detailed information on modeling the connection fractures 
will be discussed in the next section. 
A total of five ground Inotions are eInployed in this study. The acceleration tilne history 
of ground motions #1 to #4 are shown in Figure 3.6. The ground motion #1 is the scaled Syhnar 
record. It has a peak acceleration of 0.5g. The building will form all the fractures illustrated in 
Figure 3.4 under this record. Ground motion #2 is represented by the original Syhnar ground 
motion records connected with a 60% Sylmar record; the second ground motion occurs at 30 
seconds after 5 seconds break of the first one. It will be used to evaluate darn age from aftershock 
before the building is repaired. Ground Inotion #3 has two equivalent original Sylmar records 
connected together, it will be used to calculate the expected damage in long term if no repairs 
are Inade after the initial earthquake. Ground motion #4 is a long duration generated earthquake 
with a 0.6g peak acceleration representative of an earthquake occurring on a major fault (San 
Andreas) at a greater distance. Ground motion #5 is the SAC benchmark record shown in Figure 
2.14. 
The following assumptions were made for the static and dynarnic analyses: zero strain 
hardening for MRF beam and coluInns and simple frame coluInns; 3% strain hardening for inte-
rior frame beams, and 0.1 % strain hardening for connections; damping of 2% critical is used for 
dynamic analysis. 
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3.4 Analysis and Observation 
The fundamental period of 0.89 second is calculated from the modal analysis of the four-
story building. If only the Inoment frame is considered in the analysis, the period is 1.0 second. 
The push -over analysis of the four-story building with bilinear InOinent connections is 
perfonned using NEHRP provisions specified vertical distributions of earthquake loading to an 
average drift (roof displacement divided by total building height) of 3 %. The base shear nonnal-
ized by total building weight versus average drift is presented in Figure 3.7. The curve is close 
to the corresponding inelastic push -over result in the Krawinkler (1996) study. It is again proved 
that the two connection elements configuration has results siInilar to the three connection ele-
ments configuration proposed by Krawinkler et al. for Inodelling a semi - rigid connection and 
panel zone. 
The structural dynamic performance under the ground motion #1 and the push-over re-
sults at the saIne maximum average roof displacement of 6.6 inches are presented in Figures 3.8 
through 3.11. The dynamic analysis interstory drift ratios are smaller than the values calculated 
from the corresponding push-over analysis. The interstory drift ratios frOin dynainic analysis 
are the maximum values in the duration of the earthquake. The maximum drift for each story 
Inay not occur in the Saine time. Under the condition of equal roof displacement, the differences 
in tenns of story displacement from dynamic analysis and push -over analysis are not significant. 
Because the ground Inotion #1 is taken as the representative record for the site of the 
building, the maximuin plastic j oint rotation values shown in Figure 3.8 can be used as references 
to determine the connection properties of the structure. 
As indicated in Figure 3.4, more than half of the connections in the four-story building 
were fractured during the earthquake. The values of maximum joint plastic rotation at the frac-
ture locations indicated in Figure 3.4 obtained from the dynamic analysis are small. It means that 
some fractures may have occurred when the connections were in the linear range. The fracture 
properties for modelling these "bad connections" indicated in Figure 3.4 are determined based 
on trial-and-error values from dynamic analyses using the ground motion #1. The properties 
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for the unfractured "good connections" in Figure 3.4 are chosen according to the testing result 
presented in Figure 2.6. It is assumed that these connections will fracture at positive fracture 
rotation of 0.02 radians under monotonic loading and negative fracture rotation of 0.03 radians. 
The positive post-fracture pinching lllOlllents for all fractured connections are aSSUllled to be 
20% of their undamaged values. The negative post-fracture pinching mOlllents for these connec-
tions are assumed to be 25 % of their undamaged values. In the dynalllic calculations, dalllage 
index parmlleters ~ of 0.1 and a of 1.0 are chosen for the unfractured connections to take into 
account the low cycle fatigue effect. Using these configurations for the fractured connections, 
static push -over analysis and dynamic time history analysis for the five ground motions de-
scribed above were performed. 
The push-over analysis results of the four-story building with fracture connections are 
illustrated in Figures 3.12. It can be seen that the strength reduction after the fractures lllarked 
in Figure 3.4 occurred is about 9% of the original strength of the structure. The" good connec-
tions" with positive fracture rotation capacity of 0.02 and negative fracture rotation of 0.03 ra-
dians start to fracture at average building drift of 0.025. The negative moment strength due to 
the closing of bottom flange fractures for most connections still plays an important role in pro-
viding the structure with moment resisting capacity when the average drift is smaller than 0.03. 
The roof displacelllent and the joint hysteresis of the structure under ground motion #1 
are presented in Figure 3.13. The post-fracture behavior of the structure under the ground mo-
tion #1 can be seen clearly in this figure. The first cycle of the impulse from the earthquake frac-
tured most of the connections that were presented as fracture connections in the structural model. 
Once fractures formed in these connections, the structure was shaken in relatively smaller ampli-
tude and lower frequency compared to the unfractured structural model. Hysteresis behavior of 
all the joints in the four-story building are illustrated in Figure 3.14. 
The results from the push-over analysis and the dynamic analysis of the fractured struc-
ture at the same roof displacement level are cOlllpared in Figures 3.15 through 3.18. In terms of 
story displacements, these two structural models exhibit little difference. More significant dif-
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ferences can be found in the maximum interstory drift plot. Large interstory drift is presented 
in the second story from the push -over analysis. The structure modeled with or without fractures 
has the same maximuin roof displacement of 6.6 inches. These results, both for the push-over 
and seismic analysis, indicate that there is little difference between the building response with 
and without joint fractures. The reason for this is that the panel zone strength is so low that the 
post-fracture strength of the beam under positive moment is about as strong as the panel zone 
strength. This is a highly unusual situation. If the column panel zone strengths had been as strong 
as required by current codes, there would have been a larger difference in response of the two 
structures. The maxiInum interstory drift is only 1.37% which is well within the liInits where 
collapse is a probiein. 
The results for ground motion #2 are shown in Figures 3.19 and 3.20. This represents 
the response to an aftershock prior to connection repair. The response of the structure is Inuch 
greater than for motion #1. There is also a clear difference between the response with and without 
connection fracture. Additional connections will fracture. The maxiInuin drifts are in the order 
of 2.5 %. The maximum drifts that would be assumed as approaching the stability limit are be-
tween 3.0% and 4.0%. So this response is marginal but probably acceptable. 
The response to ground motion #3 are shown in Figures 3.21 and 3.23. This represents 
the response of a building for which no repairs were made after the first event and prior to a sec-
ond motion of equal intensity. There is a significant difference between the responses with and 
without joint fracture. The maximum drift is about 60% larger for the frame with fractured con-
nections. There is also a significant difference between the response to motion #1 and Inotion 
#3. Most of the connections fracture under this event. The maxiInum interstory drifts range from 
3.8% to 4.0% for the second through fourth stories. This is clearly unacceptable. Collapse would 
certainly be a possibility. The plastic moment demands on many of the beams are so large that 
there would probably be no strength or stiffness reinaining in these connections. The rotation 
capacities of all the beam column connections in the "simple frame" would also be lost. 
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The responses to ground motion #4 which represents a long duration earthquake are 
shown in Figures 3.23 and 3.24. The response of the building with and without joint fractures 
are very siInilar. The Inaximuin interstory drifts are well within acceptable bounds. The long 
duration is not a factor for this building is because most of the joint fractures occur early in the 
record and because the strength and stiffness of the joints are siInilar before and after fracture 
as described above. 
The SAC benchInark Inotion #5 is representative of a ground Inotion with near-source 
affects. The Inaximuin drift is about 20% greater for the model with joint fractures. The plastic 
rotations of the connections and the maximum interstory drifts are probably barely acceptable. 
One of the difficulties inherent in this type of exercise is that the nonstructural eleinents 
are not present in the model. At low levels of response these can be quite iInportant. Alnbient 
tests of the building at low levels of response give stiffnesses over four times greater than the 
bare frame. Exactly how these elements affect response at large amplitudes of dispiaceinent is 
not known. 
3.5 Summary and Conclusions 
As an application of the fracture connection eleinent developed in Chapter 2, this chapter 
performed a series of analyses on a four-story building which was darnaged during the North-
ridge earthquake. Reasonable structural properties obtained from the case study of the building 
are used in the structural modeling. Structural performance indicators such as joint plastic rota-
tion and interstory drift ratio are studied under different circumstances. The post-fracture dy-
namic behavior the building is also examined using five ground motions representing various 
earthquake conditions. The significant conclusions drawn from the observations described in 
this chapter are summarized as follows: 
., The DRAIN -2DX model of the four-story building are believed to be reasonable rep-
resentation of the real building system. The fracture connection element has been proved 
to be effective in this study. 
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.. Panel zone strength will greatly affect the behavior of structures modeled with or with-
out fractures of connections. Large plastic deformation of joint panel zone Inay be a 
source of connection fractures. This is a problem that has received little attention . 
., An aftershock prior to connection repair can cause additional connection fractures and 
make the structure approach its stability liInit. If no repairs are Inade in long tenn, the 
future earthquakes Inay result in collapse of the structure . 
.. The long duration of earthquake with Inoderate seismic intensity is not a factor for the 
behavior of the case study building. Most of the joint fractures are occurred in the first 
couple of seconds of the earthquake under sinall plastic defonnation or even in the elastic 
range. For buildings with better connections, the long duration would be expected to re-
sult in more connection failures than a short duration Inotion . 
.. A 20% increase of the maximum drift is observed from the structure modeled with con-
nection fractures in the analysis using a ground motion with near-source affects. 
41 The effect of the non -structural members on the response of the structure is still an iIn-
portant concern of the study. It should be addressed in the future studies. 
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Figure 3.1. Plan view of the four-story Northridge building. (Krawinkler et aI., 1995) 
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Figure 3.4. Fractured connections in the N -S MRF on line D. (Krawinkler et aI., 1995) 
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The Original Sylmar Ground Motion 
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Normalized Base Shear vs. Roof Displacement 
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Figure 3.14. Hysteresis behavior of all the joints in the four-story building. 
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Figure 3.15. Story dispiaceillents calculated by push-over analysis and dynaillic 
analysis under ground motion #1, roof displacement 12.8", fracture Illodel. 
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Figure 3.16. Interstory drift calculated by push-over analysis and dynamic 
analysis under ground motion #1, roof displacement 12.8", fracture model. 
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Figure 3.17. Maximum joint plastic rotation of MRF under the 0.5g Sylmar ground 
motion, ground motion #1, drift 1.04%, roof displacement 6.6", fracture model. 
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Figure 3.18. Joint plastic rotation of MRF at average drift 1.04% 
(roof displacement = 6.6"), fracture model. 
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Time History of Roof Displacement, Ground Motion #2 
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Figure 3.19. Roof displacement time history under ground Illotion #2. 
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Figure 3.20. Maximum Joint plastic rotation of MRF under ground motion #2, 
max. drift 2.3%, Illaximuill roof displacement 14.4", fracture model. 
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Time History of Roof Displacement, Ground Motion #3 
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Figure 3.21. Roof displacement time history under ground motion #3. 
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Figure 3.22. Maximum Joint plastic rotation of MRF under ground motion #3, 
max. drift 3.4%, maximum roof displacement 21.8", fracture model. 
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Time History of Roof Displacement, Ground Motion #4 
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Figure 3.23. Roof displacement time history under ground motion #4. 
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Figure 3.24. Maximum Joint plastic rotation of MRF under ground Illotion #4, 
max. drift 1.4%, maximum roof displacement 9.0", fracture model. 
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Time History of Roof Displacement, SAC Benchmark Motion (#5) 
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Figure 3.25. Roof displacement tiIne history under the SAC 
benchmark ground motion (#5). 
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Figure 3.26. Maximum Joint plastic rotation of MRF under ground motion #5, 
max. drift 2.1 %, maximum roof displacement 13.54", fracture model. 
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CHAPTER 4 
EFFECTS OF HYSTERESIS TYPE ON DUCTILITY DEMANDS FOR 
MDOFSTRUCTURALSYSTEMS 
4.1 Overview 
Another topic of this research is to study the effects of hysteresis models on structural 
performance. During the performance-based structure design, the effects of hysteretic energy 
dissipation on the maximum displacelnent response amplitude of buildings plays an ilnportant 
role in determining the design forces. Bilinear lTIodels, stiffness degradation lTIodels, strength 
degradation Inodels, steel fracture models, and many other types of models can be used to repre-
sent the hysteresis behavior of members of multi-degree-of-freedom (MDOF) building sys-
tems. 
A schematic of each hysteresis type is shown in Figure 4.1 and represents observed be-
havior from test results. Current design procedures do not take the hysteresis effects into account 
explicitly. Most previous studies have based their conclusions on the behavior of single-degree-
of - freedom (SDOF) models. In this thesis, the MDOF models will be studied first in this chapter. 
In Chapter 5, the SDOF models will be analyzed and compared with the MDOF solutions. The 
development of the relationships between ductility demand and hysteresis types is the primary 
goal of the this part of study. This is because the relationship can be directly applied in building 
design practice. 
4.2 Introduction of Hysteresis Models 
When structures are subjected to large loading or large deformation, plastic hinges will 
be formed in the beams or columns. For structures with strong column weak bemn configura-
tions and subj ect to earthquake lateral load, the inelastic deformations will be concentrated in 
plastic hinge regions located at each end of each beam. The plastic hinge regions of the beams 
and the bottoms of the first story columns are the only places assumed to have plastic deforma-
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tions. This type of structural model is called an elastic-plastic-hinge analysis model. The main 
advantages of the plastic hinge approach over other methods is this lllodel's capability of achiev-
ing enough accuracy by using only one or a few elements per member. Because the elastic-plas-
tic-hinge model uses piecewise linear formulation, it does not require numerical integration for 
calculation of element stiffness matrices and internal force vectors. Therefore, it has the great 
advantage of computational efficiency. Under dynamic cyclic loading, properties of structural 
elelnent hinges such as stiffness and strength will change accordingly at each loading cycle. 
Based on experimental studies and analytical results, phenoillenological rules have been devel-
oped to address these changes in the member properties. These rules are called hysteresis lllodels 
of structural elements. 
4.2.1 Classification of Hysteresis Models 
In addition to using basic elastic stiffness and yield strength to describe the dynamic be-
havior of structural elements, the following characteristics should also be taken into account 
when evaluating the different types of structural systeills: 1) stiffness degradation, 2) strength 
deterioration, 3) post-yield strain hardening or softening, 4) pinching caused by crack opening! 
closure, rebar bond slippage in reinforced concrete structures, and connection damage in steel 
structures, and 5) fractures and crack propagation,. 
In recent earthquake engineering research, several specific types of hysteresis models 
have been proposed to study their effects on seismic response. Eight of them have been selected 
for this study. Their basic configurations are presented in Figure 4.1. In the study of structural 
behavior, these hysteresis lllodels are actually used to represent the moment and rotation rela-
tionships of plastic hinges. 
Hysteresis type 1 in Figure 4.1 is the basic bilinear model. It has stable hysteresis loops 
with large energy dissipation capacity. This model consists of only two states of stress--elastic 
and plastic. It could be used to represent typical steel structure members with compact sections. 
Figure 4.2 shows the basic rules for the type 1 hysteresis model. The rules are specified by the 
elastic stiffness (kl) and the post-yielding stiffness (k2). The latter stiffness (k2) is also called 
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the strain hardening stiffness of the model and is defined as a percentage of the elastic stiffness 
(kl). The positive yield Illoment and the negative yield IllOIllent of the model are the IllOIllent 
capacities of hinges. Hysteresis type 2 is the strength degradation version of the hysteresis type 
1 model. In this model, it is assumed that the strength of hinges will reduce 10% after eachexecu-
tion of yielding. This is typical of a steel beaIll with local buckling. The amount of strength loss 
for each cycle will be a function of bjl2lj for the member and the maxiIllum rotation during pre-
vious cycles. Due to lack of experimental data for this behavior the exact relationships are not 
known. The 10% strength reduction is about right and should be conservative. 
Hysteresis types 3, 4, 5, and 6 are defined based on the basic version of the Takeda - Sozen 
model (Takeda, Sozen, and Nielsen, 1970). Pinching, which is not considered in the original Ta-
keda -Sozen Illodel, is also included in hysteresis types 5 and 6. Based on a large number of ex-
periIllental results from testing reinforced concrete structures, the Takeda - Sozen Illodel is speci-
fied by many rules to detenlline various stiffness characteristics at different stages of cracking, 
yielding, unloading, and reloading in successive cycles of loading. These rules are deIllonstrated 
in Figure 4.3. This model is a well known peak -oriented hysteresis model in which the reloading 
stiffness degrades to the extent that reloading is directed towards the previous maximUIll peak 
point in the direction of loading. Thus, hysteresis type 3 is the original simplified Takeda-Sozen 
model, and type 4 is the previous model with strength degradation of 10% after each time of 
yielding. Hysteresis type 5 is the modified pinching version of the Takeda-Sozen model. It is 
similar to the peak -oriented reloading model, with the difference being that reloading consists 
of two steps. In the first step, reloading is linear toward a point which is defined by the maximum 
displacement at previous zero loading conditions and a reduced force resistance level. In the sec-
ond step, reloading is to the previous excursion peak point. Compared to the original Takeda -So-
zen model, the pinching model has less energy dissipation capacity. In the hysteresis type 5 mod-
el, a reduced force resistance level equal to 10% of the maximum resistance is selected for the 
study. Hysteresis type 6 is the type 5 model with a 10% strength degradation after each execution 
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of new yielding. Hysteresis types 3 through 71nay also be used to describe the behavior of Inany 
partially restrained bolted steel connections. 
Hysteresis type 7 is a connection failure model that has been described extensively in 
Chapter 2. As with the connection Inodels used in the SAC benchlnark structures detailed in 
Chapter 2, type 7 assumes that one third of the connections will fracture at a positive plastic 
rotation of 0.004 radian, one third will fracture at a positive plastic rotation of 0.01 radian, and 
the relnaining one third will fracture at a yielding point under static monotonic loading. The posi-
tive post-fracture InOlnent ratio is 40% for all connection spring elelnents. The negative fracture 
rotation under monotonic loading is 0.04 radian. The negative post-fracture mOlnent ratio is 
50%. The post-fracture pinching Inoment of this type of hysteresis is defined as 10% of its un-
dalnaged value. In the dynamic calculations, ~ of 0.25 and a of 1.0 are chosen for the hysteresis 
type 7 Inoment-resisting connections to take into account the low cycle fatigue effect. 
Hysteresis type 8 is a bilinear Inodel with elastic unloading. Detail configuration of the 
model is shown in Figure 4.4. Type 8 is not a realistic model for any structural melnbers. The 
no-energy dissipation feature of this Inodel makes it uniquely useful for cOlnparing the hystere-
sis effects between different structurallnodels. It Inight be expected that the ductility demands 
for the different systems will be bounded at the bottom by hysteresis type 1 and at the top by 
hysteresis type 8. 
Hysteresis types 1,2,3, and 4 can be classified as non -pinching models, whereas hyster-
esis types 5, 6, and 7 are in the category of models with serious pinching. This rough classifica-
tion will make the later analysis results easier to understand. 
Together with the Takeda-Sozen hysteresis model and its revised pinching model, the 
fracture connection element model has been added to the performance list of the prograln 
DRAIN -2DX's connection element. This two-year-long programming effort has proven to be 
successful and useful by the study. The original bilinear connection model has also been modi-
fied with the feature of strength degradation. The bilinear with elastic unloading model is un-
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changed in the program. More detailed information on this program and element can be found 
in Appendix A. 
4.2.2 Response Parameters 
This study will employ lnany response parameters to evaluate the behavior of structures 
subjected to earthquake ground motion. These parameters include InaxiInuln displacement, dis-
placement ductility, nonnalized total input energy, normalized hysteretic energy, and normal-
ized dalnping energy. They are expected to be important indicators for describing the behavior 
of structures with different hysteresis characteristics. 
Displacement ductility is the ratio of lnaximum displacement to yield displacelnent. 
Many structural engineers believe that lnaximum displacelnent (displacement ductility) is a 
good indicator of structural performance because structures are originally designed for lnaxi-
mum displacement or ductility under a code specified load spectrum. Usually, neither the lnaxi-
mUln displacement nor the ductility are sufficient alone to indicate all types of structural re-
sponse. Therefore, energy related response parameters are introduced next. 
During an earthquake, the total input energy (IE) iInparted to a structure is dissipated by 
inelastic deformations and viscous damping; the rest of the energy is telnporarily stored in the 
structure in the form of kinetic energy (KE) and elastic strain energy (SE). The energy dissipated 
by inelastic deformation is also called hysteretic energy (HE). The dissipated viscous damping 
energy is denoted as DE. At any instance of time, the total earthquake input energy can be written 
as 
IE = KE + DE + HE + SE (4.1) 
In earthquake calculations, energy terms are usually nonnalized by the total mass of 
structures. Therefore, structures with the same period but different story numbers can be 
compared for their behavior under earthquake ground motions. This concept is also very useful 
for comparing an ideal SDOF structural model with its MDOF real structurallnodel. 
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4.3 MDOF Structural System Models Used in this Study 
A total of nine buildings with three basic building configurations will be used in this 
study: 3 three-story, 3 six-story, and 3 nine-story buildings. Although these buildings have dif-
ferent fundamental periods, all of theln have three moment-resisting bays and the same floor 
plan. The moment fratnes are part of their perimeter frames. The elevation view and the plan 
view of the structures are illustrated in Figure 4.5 to Figure 4.7. These buildings are designed 
fOT Los Angeles conditions using 1994 NEHRP provisions. 
Gravity loading on the structures represents all tributary dead loads (including cladding 
and steel self weight) and 20 psf live loads. 
• Uniformly distributed load on all beams (floor): 
w = 0.986 kips/ft 
• Uniformly distributed load on all bealns (roof): 
w = 0.840 kips/ft 
• Concentrated loads at all joints (floor) on column line 2 and 5 (froln transverse beatns 
and cladding): 
P = 22.90 kips 
• Concentrated loads at all joints (roof) on column line 2 and 5 (from transverse beatns 
and cladding): 
P = 19.90 kips 
• Concentrated loads at all joints (floor) on colulnn line 3 and 4 (from transverse beams 
and cladding): 
P = 34.00 kips 
• Concentrated loads at all joints (roof) on column line 3 and 4 (from transverse beams 
and cladding): 
P = 30.50 kips 
Seismic effective masses are defined as follows: 
• At floor: 
• At roof: 
M = 35.0 kips sec2/ft 
M = 28.0 kips sec2/ft 
The basic modeling assumptions for the structures are listed as follows: 
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• The contribution of floor slabs to strength and stiffness are neglected. 
• Strong column weak beam (SCWB) configuration is used in the structures' design. 
There is no colulnn yielding in the structures, but colulnn hinges are allowed at ground 
level. The SCWB design configuration is typically used in many high seislnic zones in 
the United States. Because the major duty of colulnns is to carry gravity load, the SCWB 
configuration will provide extra safety for structures to prevent structural collapse due 
to column failure. 
• Assume zero strain hardening for all beams and colulnns. This willinake structures 
with different stories and different fundamental periods to have similar post-yielding be-
havior. Thereafter, their structural response can be cOlnpared. 
• M -P interaction of the colulnns is modeled by two straight lines (Mpc = Mp). 
• In dynamic analysis, use 5% damping in first and second mode. 
• Relative structural melnber rigidities in term of relative cross section InOlnent of inertia 
are assigned to beams and columns of the buildings based on some typical building de-
signs used in shnilarly seismic areas. 
Strengths of the structural members are determined using NEHRP equivalent lateral 
force procedure. According to this procedure, the seislnic base shear (V) is calculated using the 
following equation: 
T.T _ /l T1I 
V - L--s rr (4.2) 
where W is the total dead load and applicable portions of live load of the structures. The values 
of W for the buildings are listed in the table below: 
3 -story buildings 3150 kips 
6-story buildings 6525 kips 
9-story buildings 9900 kips 
Cs is the seismic response coefficient, which can be detennined from one of the follow-
ing equations that gives the smaller value: 
or 
C 1.2 Cv 
s = R '[2/3 
C = 2.5 Ca 
S R 
(4.3) 
(4.4) 
In the above equations, T is the fundamental period of a building. A good approximation 
of a structure's period proposed by NEHRP is T = 0.035 h 3/ 4• Using this approximation, the 
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three-story, six-story and nine-story buildings will have periods of 0.567, 0.936, and 1.261 sec-
onds respectively. Therefore, the periods listed in the following table were chosen for the build-
ings. The effect of building period is one of the variables in the study. A "reasonable" building 
period for a given number of stories was desirable so the period for each building calculated by 
the code equation was used as a guide. These periods were achieved by using a different luodulus 
of elasticity (E) of the structures, which were detenuined for each structure based on luodal anal-
ysis of these buildings with trial and error E values. 
3 -story buildings 0.4 second 0.5 second 0.6 second 
6-story buildings 0.6 second 0.8 second 1.0 second 
9-story buildings 1.0 second 1.5 second 2.0 second 
R is the response modification factor. Each building type with different period and nUlU-
ber of stories is also designed for R values equal to 4, 6, and 8. Therefore a total nUluber of 27 
buildings will be analyzed. 
Cv and Ca are the seismic coefficients based on the soil profile type, and the effective 
peak velocity -related acceleration or the peak acceleration. Following a typical case of buildings 
located in Los Angeles area, the values of type C soil, Cv =0.56 and Ca =0.40, are used in the 
design of the structures. 
The design total base shear values for the 27 buildings are calculated and listed in the 
table below: 
Design base shear values for the 27 buildings (in kips): 
3-story buildings T = 0.4 T = 0.5 T = 0.6 
R=4 788 788 744 
R=6 525 525 496 
R= 8 394 394 372 
6-story buildings T = 0.6 T = 0.8 T = 1.0 
R=4 1541 1272 1096 
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R=6 1027 848 731 
R= 8 770 636 548 
9-story buildings T = 1.0 T = 1.5 T = 2.0 
R=4 1663 1269 1048 
R=6 1109 846 699 
R= 8 832 635 524 
These design shears are vertically distributed to each floor level of the buildings accord-
ing to NEHRP provisions. The vertical distribution factors for the buildings with different sto-
ries are listed below: 
Floor 3 -story buildings 6-story buildings 9-story buildings 
1 0.20 0.06 0.03 
2 0.37 0.10 0.05 
3 0.43 0.15 0.07 
4 0.20 0.09 
5 0.25 0.12 
6 0.24 0.14 
7 0.16 
8 0.18 
9 0.16 
The mOlnent strength of the beams is determined by pushing each structure to its design 
force level and choosing the maximum moment of the beams at each floor level for all meInbers 
at that story. The fixed-end strength of columns at ground level is determined in the same way. 
Based on the assumptions of the structural models, columns are allowed to have plastic hinges 
only at the ground level. By using the above design procedure, each structure will have its first 
yielding at exactly its design force level when the structure is pushed by forces with the above 
vertical distributions. Static push -over analyses have been performed on all the 27 structures. 
A DRAIN -2DX finite element model for the three-story buildings is shown in Figure 4.8. 
DRAIN -2DX models for other buildings are basically the same as the three-story building mo-
del but with different number of stories. Plots of total base versus roof displacelnent froln the 
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push-over analyses are presented in Figure 4.9 through 4.11. The stiffness values in the figures 
are the equivalent global stiffness of the structures before yielding, and the strength values are 
the ultimate strength values. 
On the bottoln right corner of each of these figures, the equivalent stiffness and the equiv-
alent strength values of each structure are listed. These values will be used in the future study 
(Chapter 5) on structural behavior using equivalent SDOF models. The total base shear at first 
yield for each building is the design base shear given in the previous tables. The effective 
strength of each building as given in Figures 4.9 through 4.11 are considerable larger than the 
load at first yield. For instance, the ratio of ViJVy for the three-story building for T=O.4 seconds 
andR=4 is 938k/788k=1.19. For the nine-story building for T=2.0 seconds andR=8 this ratio 
is 650k/524k=1.24. This ratio could be referred to as the over-strength of the building. This ratio 
depends on the structural configuration and the amount of redundancy. It also depends on the 
difference between the nominal yield strength compared to the actual yield strength, but this was 
not considered in this study. FrOin these plots, it also can be noticed that SOlne structures have 
small negative post-yielding stiffness. This results when gravity loads from tributary areas of 
the mOinent frames are applied to the frame members during the analyses. No gravity load from 
interior structures is considered for second order effect in the calculations. 
4.4 Earthquake Ground Motion Records Used in this Study 
The 12 earthquake acce1erogrmns in Figure 4.12 are selected frOln different locations in 
the United States and will be used in this study. The 5% dainping linear response spectra of these 
earthquakes are shown in Figure 4.13. For comparison, the NEHRP design spectrum which was 
described in the previous section is also presented in this figure. As lnentioned in the previous 
section, the 27 structures with periods of 0.4, 0.5, 0.6, 0.8, 1.0, 1.5, and 2.0 seconds will be ana-
lyzed. The earthquakes were scaled individually according to their response spectrums at the pe-
riod of each structure. This scaling method was originally suggested by Cornell (Cornell, 1997). 
The scale factors and other basic information of the 12 earthquakes are listed in the following 
table. Because the structures were designed according to the NEHRP design spectrum, the meth-
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od of scaling the earthquakes for dynamic analysis can provide useful infonnation on delnand 
and performance relationships of the structures. 
Table. Scale factors for the earthquakes. 
File Earthquake Name Duration (Sa) 
Name [D) sec. T=O.4 S.F. T=0.5 S.F. T=0.6 S.F. T=O.B S.F T=1.0 S,F. T=1.5 S.F. T=2.0 S.F. 
EOOl Taft (1952) 54 0.4118 2.4285 0.3432 2.9138 0.2963 3.1876 0.2BB2 2.7056 0.1597 4.2087 0.1287 3.9835 0.0850 4.9806 
E002 Castica (1971) 60 0.5113 1.9560 0.6203 1.6122 0.2676 3.5304 0.2290 3.4055 0.1726 3.8945 0.0869 5.8990 0.0410 10.3244 
E003 Imperial Valley (1979) 35 2.3296 0.4293 1.2557 0.7964 1.8683 0.5056 0,B710 0.8953 0.4432 1.5162 0.4555 1.1258 0.271B 1.5574 
E004 Pacoima Dame (1971) 41 2.7784 0.3599 1.6454 0.6077 0.7238 1.3051 0.9829 0.7934 1.2296 0.5465 1.4997 0.3419 0.5740 0.7375 
EQ05 Northridge (1994) 59 1.1777 0.8491 1.6324 0.6126 1.9149 0.4933 1.4926 0.5224 1.1787 0.5701 0.9881 0.5190 0.7884 0.5369 
EQ06 EI Centro (1940) 53 0.6010 1.6639 0.8387 1.1923 0.8502 1.1110 0.5466 1.4267 0.5154 1.3039 0.4040 1.2692 0.3570 1.1856 
EQ07 San Fernando (1971) 40 0.6630 1.5082 0.5578 1.7927 0.7454 1.2672 0.4431 1.7600 0.2582 2.6028 0.5389 0.9516 0.4096 1.0334 
EOOB Mammoth Lakes (1980) 45 0.6655 1.5027 0.4755 2.1029 0.2405 3.9280 0.1798 4.3378 0.1116 6.0242 0.2050 2.5020 0.0503 8.4189 
EQ09 Morgan Hill (1984) 59 0.5355 1.8674 04929 2.0289 0.5294 1.7842 0.6532 1.1938 0.5625 1.1948 0.3602 1.4237 0.1033 4.0966 
--_.-
EQ10 North Palm Springs (1986 59 0.7650 1.3072 0.4861 2.0570 0.5306 1.7803 0.3938 1.9801 0.3725 1.8041 0.3517 1.4581 0.2000 2.1162 
E011 Whittier (1987) 39 0.6303 1.5866 0.5301 1.8865 0.3027 3.1202 0,3234 2.4115 0.2547 2.6385 0.1211 4.2352 0.0675 6.2683 
EQ12 Lorna Prieta (1989) 39 0.B126 1.2307 1.0457 0.9563 1.3657 0.6917 1.3197 0.5909 0.5455 1.2319 0.5053 1.0149 0.1580 2.6800 
Using the scaling method described above lnay result in SOlne very large or very sIn all 
scale factor values at certain periods for some earthquakes because the earthquakes have very 
low or very large spectral response at these periods. Structures may increase their effective peri-
ods after yielding occurs under earthquake ground motions, and the spectral response of the 
earthquakes at the new effective period of the structures may not be as low as assulned. In this 
case, unexpected large response of structures is of primary concern. On the other hand, the earth-
quakes may also be scaled at their peak response points. Therefore average values of structural 
response are expected to be good representations of structural behavior. Another advantage of 
using this scale method is its ability to scale a large number of earthquakes easily without paying 
attention to the characteristics of each individual earthquake. In order to use some other earth-
quake scaling methods (such as methods using peak acceleration, peak velocity or Arias intensi-
ty)' each earthquake has to be carefully picked. Otherwise, its response spectra will be very scat-
tered at some periods. The scaling lnethod is not very significant as long as the procedure is 
consistent for all of the earthquakes and as long as the results are averaged over a number of 
earthquakes. 
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4.5 Parametric Study of Hysteresis Effects on Seismic Response 
The combination of the 27 structures, the 12 earthquakes, and the 8 different hysteresis 
types described in the previous sections results in a total of 2592 cases for dynamic structural 
, • ..,', 11 n nne- ..:J • ..:J .£ 1 1''£ h 1 • 5 analYSIs. A nme sTep as small as u.uU.J seconu IS useu lor tne analYSIS 01 t -e nysteresiS type , 
6, and 7 structures to make the connection element in Inodified progrmn DRAlN -2DX converge 
under the condition of serious pinching. A tilne step of 0.02 second is used for the structures with 
other hysteresis types. Dynamic analysis results of the following paralneters have been obtained: 
1) ductility delnand for each structure, 2) total input energy, 3) energy dissipated by yielding, 
and 4) energy dissipated by damping of each structure. The ductility demand was specified as 
the largest value of any of the stories. All these result values are reorganized and presented in 
Figures 4.18 through 4.36 as a function of the natural period of the structures. 
Figure 4.14 provides plots of joint hysteresis loops of the eight hysteresis models which 
have been performed by a joint of the three-story building with T=0.6 second and R=8. Because 
the stiffness of the joint is initially very large, these plots approximately illustrate the plastic rota-
tion versus the resisting moment relationship of the joint. 
4.5.1 Effects of Hysteresis Type on Ductility Demand 
Roof displacement ductility demand time histories of the three-story, the six -story, and 
the nine-story buildings are shown in Figures 4.15 through 4.17 for the response to the EI Centro 
earthquake and for R=8. These provide some general information on the behavior of the build-
ings with the different hysteresis types. Hysteresis type 1 and 2 structures usually have perma-
nent offset due to plastic deformation. Hysteresis type 2 beam hinges eventually become very 
weak after a series of yielding. Thus, this type of structure Inay have large response under reI a -
tively smaller ground motion near the end of an earthquake and cause more structural offset. In 
comparison with hysteresis types 1 and 2 structures, hysteresis types 3 and 4 structures usually 
have larger displacements under the strong motion part of an earthquake. Offset Inay also affect 
hysteresis type 4 structures due to strength degradation. The hysteresis type 5 and 6 structures 
are the worst cases in the study. They not only have the largest Inaximum responses, but the struc-
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tures also rock with considerably large amplitude and in relative longer period. It can be con-
cluded that these effects result from pinching. The behavior of hysteresis type 7 structures is sim-
ilar to that of type 5 and 6 structures, but the responses of the type 7 structures are Inore 
unpredictable. Therefore, structures with connection failure problelns must be studied individu-
ally according to their specific connection conditions. It is difficult to draw general conclusions 
about these type of structures. Hysteresis type 8 structures generally have larger responses to 
earthquakes than hysteresis type 1 structures. The response frequency from type 8 structures is 
close or equal to the frequency from hysteresis type lor 2 structures. Very slnall structural offset 
can be found for hysteresis type 8 structures. The effect could be zero if the base colulnns were 
not allowed to have plastic hinges at their bases. 
It is difficult to Inake any generalizations from looking at the tiIne history of ductility 
delnand versus tiIne for a single earthquake. This is because the relationship between the instan-
taneous effective period during yielding excursions and the periodicity of the accelerogrmn is 
different for each accelerogram. The results indicate that the residual displacement at the end 
of the earthquake is large for hysteresis types 1 and 2. This is consistent with results given in 
Chapters 2 and 3. 
The first response parameter that was studied was ductility demand. The average ductil-
ity demands for each building for the 12 earthquake accelerograms for R values of 4, 6, and 8 
are shown in Figures 4.18 through 4.20 respectively. For each case, the figure shows the average 
maximum story ductility demand for the 9 building models. The points at periods equal to 0.4, 
0.5, and 0.6 seconds are for the three-story buildings. The points at periods of 0.6, 0.8, and 1.0 
seconds are for the six-story buildings. The points at 1.0, 1.5, and 2.0 seconds are for the nine-
story buildings. This same pattern is followed in Figures 4.21 through 4.36. As a result, there 
are two values plotted at T=O.6 seconds (three-story and six-story) and two at T=l.O seconds 
(six-story and nine-story). 
In Figures 4.18 through 4.20, it can be seen clearly that short period structures have high-
er ductility demands. This is the well-known "short period effect" that exists because short peri-
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od structures are stiffer and the earthquake input energy can not be dissipated efficiently under 
the high frequency of structurallllovement. One can also see that if the periods of the structures 
are long enough (e.g. greater than 1.5 seconds), the responses of the structures are kept within 
a ductility level of fl R::i R12, where fl is the displacement ductility ratio andR is the strength re-
duction factor, which does not vary for different hysteresis types. It is also apparent that struc-
tures designed using larger R values have larger short-period effects. For instance, the ductility 
dellland for the three story building for R=4 and hysteresis type 1 is 4.5 whereas for R=8 it is 
12. 
Except in the short period region (i.e. 0.4 to 0.6 second), the ductility demand of the 
structures is usually smaller than the structures' strength reduction factor, R. This is because the 
over-strength of the frallles provides additional post yielding capacity to the structures. Another 
factor that decreases the ductility demand for larger period structures is that the design spectrum 
decreases as l1T2/3 whereas for an actual earthquake the spectrum decreases as 1 IT . This added 
safety is adopted because of lack of reliable data for long period motions, standard design prac-
tice which uses a single-mode approximation and the large risk for taller structures. These re-
sults also demonstrate that the rule-of-thulllb assumption thatfl = R is not good for any period 
range. 
In order to see the relative effect on structural response from different hysteresis systems, 
bilinear hysteresis (type 1) was selected as a standard hysteresis model. The response ratios for 
each hysteresis type to hysteresis type 1 for the structures with three different R values were cal-
culated and are shown in Figures 4.22 through 4.24. These results indicate that the hysteresis 
type has only a minimum effect on ductility demand. For the non-pinching hysteresis models 
the maximum ratios range from 1.1 to 1.2. This is small considering anR value as large as 8 was 
used. For the pinching hysteresis types the maximum ratios were on the order of 1.2 to 1.3. Even 
for the model with no energy dissipation (type 8) the ratio only reached values of 1.3 to 1.5. The 
reason for this is that when the structure yields resonance is broken. By the time that the structure 
begins to increase in displacement again the major part of the earthquake has passed. 
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The average values of structural response as a function of period froIn the three-story, 
the six -story and the nine-story buildings show great continuity as a function of period. Ductil-
ity versus period of each hysteresis type could be represented accurately by a sInooth curve. The 
responses of the buildings with different height at the Saine periods have also shown similar val-
ues. These results are similar to those of other investigators for SDOF systems (e.g. Nassar and 
Krawinkler, 1991, and others). 
Because hysteresis type 1 is selected as a standard model, the effects of hysteresis on 
structural systems can be described as functions of the hysteresis type 1 model. The following 
siInplified expression is proposed to represent the ductility deInand of hysteresis type 1 struc-
tures with various R values: 
or 
fl = ~ + (5R - 12) exp(-3 T) 
R = _2 ,--fl_+_24_e_x...::...p--,-( -_3_T)--,-
1 + 10 exp( -3T) (4.5) 
where Tis the period of structures. A comparison of Equation 4.5 with the DRAIN -2DX results 
of hysteresis type 1 structures is shown in Figure 4.21, and one can see very good agreement 
between these curves. 
In Figures 4.22 through 4.24, it can be seen that in the period range of 0.4 to 1.0 second, 
bilinear hysteresis type 1 has the lowest average Inaximum displacement. In the Saine period 
range, the rank of the maximum displaceInent of the different hysteresis types to the hysteresis 
type 1 ratio is (in order of decent): type 8, type 6, type 5, type 7, type 4, type 2, and type 3. If 
hysteresis type 8 can be interpreted as a case of hysteresis with extreme pinching, the observa-
tions from these figures can be summarized as follows. The ductility demand response is sensi-
tive to the pinching hysteresis type of the structures. Strength degradation has secondary effect 
to the structural behavior. When the period of the structures is 1.5 seconds or larger, very sInall 
variations of maximum structural response from the different hysteresis models can be seen in 
the figures. The ductility demand for period of 1.5 second and greater tends to fl = R/2. 
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Under the considerations of structural design, the hysteresis type 1 Illodel is a good repre-
sentation of all the structures in this long period range, and the result of the design will be conser-
vative. FrOIll these observations, the hysteresis effect Illodification factor C is proposed in the 
following table for different R values. It can be seen that the values of the factor C are very close 
for each hysteresis type with different R values; therefore, the recommended values of C are also 
given in the table without regard for the R values. 
For T < 1.0 sec., C is listed in the table below. 
For T > 1.5 sec., C = 1.0. 
For 1.0 > T >1.5 use straight line interpolation to determine C. 
C R=4 R=6 R=8 recoIllmended C 
Hysteresis type 1 1.00 1.00 1.00 1.00 
Hysteresis type 2 1.16 1.15 1.15 1.15 
Hysteresis type 3 1.10 1.10 1.05 1.10 
Hysteresis type 4 1.16 1.15 1.14 1.15 
Hysteresis type 5 1.25 1.24 1.28 1.20 
Hysteresis type 6 1.31 1.32 1.35 1.25 
Hysteresis type 7 1.30 1.25 1.23 1.25 
Hysteresis type 8 1.35 1.45 1.39 1.30 
Thereafter, the behavior of structures with different hysteresis types, different R values, and dif-
ferent periods can be simply described by multiplying Equation 4.5 with the recommended C 
values. A comparison of the responses of the structures analyzed using DRAIN-2DX with the 
responses calculated through Equation 4.5 and C values are presented in Figures 4.25 through 
4.27. A further siIllplification might be used, where C=1.15 for non-pinching behavior and 
C=1.25 for pinching systems. Even this further simplification would result in a very good design 
model. 
4.5.2 Effects of Hysteresis Type on Energy Dissipation 
Period variation of energy dissipation demands in Figures 4.28 through 4.36 also show 
the continuity of energy dissipation from different buildings with the same periods. It is difficult 
to describe the relationships between period and total input energy or hysteretic energy from 
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these figures. Energy dissipated by damping always increases as the structural period increases. 
Structures with smaller R values will dissipate lllore energy than structures with larger R values. 
A comparison of the total input energy of the structures with hysteresis types 1 through 
8 in Figures 4.28 through 4.30, reveals that larger differences of energy values can be found in 
the longer period range. Hysteresis type 1 and type 2 structures are lllore likely to have larger 
input energy than the other hysteresis types except when R=4 and T<0.6. The reason for this 
is that they dissipate more energy through hysteretic action. The lines shown in these figures re-
present hysteresis type 3, 4, 5, 6, and 7 clearly are divided into two groups. One group which 
includes the lines of the non-pinching hysteresis types 3 and 4 presents a better capacity of ener-
gy dissipation. The other group consisting of lines of all the pinching hysteresis types 5, 6, and 
7, has a smaller capacity of energy dissipation. 
Energy dissipation of the hysteresis type 8 model does not show significant interesting 
results. This type has a very low level of hysteretic energy dissipation and a very high level of 
darllping energy dissipation; such characteristics are obvious in the zero hysteretic energy dis-
sipation nature of the type 8 lllodel. Structures with the type 8 hysteresis loop can dissipate hys-
teretic energy only through the yielding in the fixed end of their columns at the base of the build-
ing. Therefore, no special attention will be paid to the hysteresis 8 type lllodel in the discussion 
that follows. 
The period variation of hysteretic energy relationship illustrated in Figures 4.31 through 
4.33 are also expressed by two groups of lines representing the hysteresis lllodeis with and with-
out pinching. The pinching hysteresis types 5, 6, and 7 have a slllaller capacity of hysteretic ener-
gy demands than the non-pinching hysteresis types 3 and 4. The difference increases as the R 
value increases. 
Figures 4.34 through 4.36 have shown that pinching hysteresis models usually have lllore 
damping energy dissipation demands than lllodeis without pinching, but such differences are 
small (except for the hysteresis model type 8). Therefore, differences in the total input energy 
for the hysteresis models are caused mainly by the differences from the hysteretic energy dissipa-
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tion. For R = 8, the non-pinching models dissipate about 1.6 times more hysteretic energy. How-
ever, the difference in ductility demand was only about 1.3. The results indicate the hysteresis 
energy dissipation demands increase as the energy dissipation capacity increases. This indicates 
that energy dissipation is not a very significant factor. Of course the energy dissipation for lllelll-
bers that experience low cycle fatigue datllage is very iIllportant. 
4.6 Summary and Conclusion 
In this chapter, the effects of hysteresis type on MDOF structural systelll response have 
been studied extensively based on eight typical structural hysteresis lllodeis. Detailed classifica-
tions and descriptions of these hysteresis lllodeis are provided at the beginning of the chapter. 
Then the design of buildings with these hysteresis features and different natural periods is ac-
complished. Important observations and conclusions are derived by performing comprehensive 
paralnetric studies of hysteresis effects on these hysteresis models and the structural systellls. 
Results on seislllic response of MDOF structural system with various hysteresis charac-
teristics may provid useful guidelines for structural design and rehabilitation in earthquake engi-
neering practice. The observations in this chapter have led to the following significant conclu-
sions about the effect of hysteresis lllodeis on MDOF structural systems: 
• Hysteresis finite elelllent spring models and the modified DRAIN -2DX progratll have 
been shown to perform well and provide iIllportant results throughout the analyses in this 
chapter. Therefore, the newly developed element can be applied in the studies ofhystere-
sis effects on structural perfonllance as a useful tool. 
• Hysteresis type has only a minimum effect on ductility dellland of structures. For the 
non-pinching hysteresis models, the maximum ratios of ductility demand to the bilinear 
hysteresis lllodelrange from 1.10 to 1.15 for period of the structures less than 1.0 second. 
For pinching hysteresis types the maximum ratios are on the order of 1.25 to 1.30. 
• The ductility demand in a MDOF structure is highly dependent on the period and R 
factor. The ductility demand for short period structures with hysteresis type 1 ranged 
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from about 4.5 for a 0.4 second period withR=4 to 12 for a 0.4 second period withR=8. 
For periods greater than 1.5 seconds the ductility demand was aboutR/2 for all hysteresis 
types and R values . 
.. The maximum ductility demand of buildings can be estiInated by using product of 
Equation 4.5 and the factor C. A cOlnparison of the ductility delnand calculated froln the 
equation and the modification factor C with the DRAIN -2DX analysis results shows 
good agreelnent. 
• Period variation of energy dissipation relationships provided SOlne information on the 
behavior of the buildings with different hysteresis types. Energy dissipation of structures 
can be used to describe the basic characteristics of different hysteresis types, but the ener-
gy dissipation concept is difficult to apply for structural design. Therefore, in engineer-
ing design practice, structures can be designed based on the maximum displacelnent with 
consideration of hysteresis effects. Special attention should be paid to the detailing of 
the structural melnbers in order to avoid additional structural damages which may be 
caused by strength degradation and pinching. 
• The earthquake scaling lnethod utilized in this study provided convenient ways for us-
ing a large number of earthquake records to obtain the average values of structural per-
formance. The method also causes fluctuations in the period versus energy dissipation 
plots. It is because the NEHRP design spectrum, which is used as a target for scaling the 
12 earthquake accelerograms at each individual period point, does not follow the natural 
earthquake response spectra curves. In the long period range, some scale factors are as 
large as 6 to 10. 
The next chapter will examine SDOF structural systems with the same hysteresis models, 
and the results from the two systems will be compared. 
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Figure 4.1. Hysteresis types used in the study. 
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Figure 4.2. Basic bilinear hysteresis model with inelastic unloading. 
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Note: Option of connection without pinching is also available in this model. 
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Figure 4.3. Basic Takeda-Sozen hysteresis model plus pinching effect. 
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Figure 4.4. Bilinear hysteresis model with elastic unloading. 
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Figure 4.5. The three-story building design configuration. 
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Figure 4.6. The six-story building design configuration. 
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Figure 4.9. Push-over analysis results of the three-story buildings. 
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Figure 4.16a. Time history of average roof ductility demand for the six -story buildings 
with T=l.O and R=8 subjected to the EI Centro earthquake accelerogram. 
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Figure 4.16b. Time history of average roof ductility demand for the six-story buildings 
with T=1.0 and R=8 subjected to the EI Centro earthquake accelerogram. 
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Figure 4.17a. Time history of average roof ductility demand for the nine-story buildings 
with T=2.0 and R=8 subjected to the El Centro earthquake accelerogram. 
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Figure 4.17b. Time history of average roof ductility demand for the nine-story buildings 
with T=2.0 and R=8 subjected to the El Centro earthquake accelerogram. 
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Figure 4.18. Responses of structures designed for R=4. 
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Figure 4.19. Responses of structures designed for R=6. 
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Figure 4.20. Responses of structures designed for R=8. 
117 
8 
Hysteresis Type 1 [R=4] 
r 
7 
~ 
-
-----
-
Eq ~ation £1 .5 
6 
~ 
§ 5 
....... 4 u 
:::I 
0 3 
"-
- ~ ..... ~ 
,""'-
- ----- .. 
--2 ----
-
-
0 
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Period (sec) 
Hysteresis Type 1 [R=6] 
l2 
-
10 
-
- ----- --
Eq Llation L: .5 
8 § 
....... 6 u 
:::I 
0 
4 
'-
-~ 
.~ 
1'--_ 
r ~ ~--=- -- ... -- ----- - -
2 
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Period (sec) 
16 
Hysteresis Type 1 [R=8] 
r 
14 
12 
... 
------- --
Eq ~ation L .5 
~ 
r" 
~ 10 
~ 8 ....... 
u 
:::I 
0 6 
4 
r ~ .~ 
r ~ '" 
-
~ 
-, ~ r ::::.:..::-- - .......... 
-
- -1'--. ...... 
-
2 
-
0 
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Period (sec) 
Figure 4.21. Results of DRAIN -2DX analysis compared with Equation 4.5 for hysteresis type 1. 
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Figure 4.22. Relative response values of structures with R=4. 
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Figure 4.23. Relative response values of structures with R=6. 
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Figure 4.24. Relative response values of structures with R=8. 
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Figure 4.25. Responses of structures calculated by Equation 4.5 times C values (R=4). 
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Figure 4.26. Responses of structures calculated by Equation 4.5 times C values (R=6). 
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Figure 4.27. Responses of structures calculated by Equation 4.5 times C values (R=8). 
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Figure 4.28. Total input energy of structures with R=4. 
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Figure 4.29. Total input energy of structures with R=6. 
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Figure 4.30. Total input energy of structures with R=8. 
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Figure 4.31. Hysteretic energy of structures with R=4. 
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Figure 4.32. Hysteretic energy of structures with R=6. 
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Figure 4.33. Hysteretic energy of structures with R=8. 
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Figure 4.34. Damping energy of structures with R=4. 
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Figure 4.35. Damping energy of structures with R=6. 
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Figure 4.36. Damping energy of structures with R=8. 
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CHAPTERS 
EVALUATION OF HYSTERESIS EFFECTS USING 
SDOF STRUCTURAL MODELS 
The work described in Chapter 4 was based on MDOF structural hysteresis Inodels. In 
the past, hysteresis effects were studied by using simplified SDOF models due to a lack of cOIn-
puting resources. Some of these results have been used in the structural design specifications. 
Therefore it is also necessary to use SDOF structural models to study the structures which were 
designed in the previous chapter. Comparing the results from the two systems can directly help 
the development of new generations of design specifications and also can help engineers achieve 
a better understanding of the effects of hysteresis models on the seismic response of structures. 
Three SDOF structural system design models (Nassar and Krawinkler, 1991, Riddell, 
1995, and Miranda, 1993) were introduced in Chapter 1. These SDOF design models were ana-
lyzed based on different assumptions. The SDOF systems that will be studied in this chapter are 
equivalent to the MDOF systems analyzed in Chapter 4, therefore, they are not necessarily 
equivalent to the structural systems discussed in Chapter 1. However, the analysis results based 
on the equivalent MDOF and SDOF system can provid valuable information on the differences 
of the two systems. 
5.2 SDOF Structural System 
The basic SDOF system model used in this study is illustrated in Figure 5.1. It consists 
of a concentrated mass which is supported by a massless rigid bar. The rigid bar is connected 
to the ground by a frictionless hinge and a nonlinear rotational spring. Structural hysteresis mod-
els are represented by the moment-rotation relationship of the spring. Damping is exerted on 
the mass by a viscous damper. 
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5.2.1 Properties of SDOF Structural Systems 
In order to compare hysteresis effects on the SDOF and the MDOF structural systems, 
the structural configurations used in Chapter 4 will also be utilized here. The properties of the 
equivalent SDOF structural systems are directly obtained froln the static push-over analysis re-
sults of the MDOF systems derived in the previous chapter. It should be noticed that the equiva-
lent SDOF systems are representing the stiffness and the ultilnate strength of the real MDOF 
structures. Moreover, the SDOF models must take into account the over-strength of the struc-
tures. The yielding displacements specified for the SDOF systelns are much larger than the true 
yielding displacements for the MDOF structures. This is because the MDOF structural yielding 
displacelnent indicates the displacement at which first elelnent yielding occurs. As a conse-
quence, the results from the SDOF systems represent the global structural responses of the real 
MDOF structures. 
To define an SDOF structural systeln, several properties must be known, including the 
period of the structure (T), the height of the rigid bar (ll), the mass (M), the initial stiffness of 
the rotational spring (k), and the yield moment of the rotational spring (My). Only relative values 
such as ductility and normalized energy are considered in this SDOF studies. Therefore, once 
properties such as T, H, k and My are chosen from the relative MDOF structures, then the mass 
of the SDOF systems (M) can be determined accordingly. The rigid bar height (ll) is defined as 
the total height of buildings, and the structural period (T) is the same as the period used for the 
buildings in the MDOF studies. The SDOF rotational spring stiffness (k) is the multiplication 
of the initial stiffness of the MDOF structures and the square of the building height (H2). The 
yield moment (My) is calculated as the strength of the MDOF structures tilnes the building height 
(ll). The equivalent SDOF mass (M) can be determined according to the relationship between 
k, T and M as follows: 
(5.1) 
The properties of the SDOF structures are calculated and presented in the following table. 
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Table 5.1: Properties of SDOF structural systems. 
3-Story Building: 
R=4 
R=6 
R=8 
R=4 
R=6 
R=8 
R=4 
R=6 
R=8 
T 
0.4 
0.4 
0.4 
T 
0.5 
0.5 
0.5 
T 
0.6 
0.6 
0.6 
6-Story Building: 
R=4 
R=6 
R=8 
R=4 
R=6 
R=8 
R=4 
R=6 
R=8 
T 
0.6 
0.6 
0.6 
T 
0.8 
0.8 
0.8 
T 
1 
1 
1 
9-Story Building: 
R=4 
R=6 
R=8 
R=4 
R=6 
R=8 
R=4 
R=6 
R=8 
T 
1 
1 
1 
T 
1.5 
1.5 
1.5 
T 
2 
2 
2 
Height(in) Strength(kips) 
492 938 
492 636 
492 486 
Height(in) Strength(kips) 
492 940 
492 637 
492 487 
Height(in) Strength(kips) 
492 891 
492 605 
492 463 
Height(in) Strength(kips) 
960 1786 
960 1203 
960 911 
Height(in) Strength(kips) 
960 1484 
960 1003 
960 762 
Height(in) Strength(kips) 
960 1286 
960 871 
960 663 
Height(in) Strength(kips) 
1428 2010 
1428 1400 
1428 1100 
Height(in) Strength(kips) 
1428 1500 
1428 1030 
1428 800 
Height(in) Strength(kips) 
1428 1230 
1428 850 
1428 650 
K(MDOF) K1(SDOF) 
1358 328722912 
1358 328722912 
1358 328722912 
K(MDOF) K1(SDOF) 
861 208417104 
861 208417104 
861 208417104 
K(MDOF) K1(SDOF) 
596 144270144 
596 144270144 
596 144270144 
K(MDOF) K1(SDOF) 
1114 1026662400 
1114 1026662400 
1114 1026662400 
K(MDOF) K1(SDOF) 
636 586137600 
636 586137600 
636 586137600 
K(MDOF) K1(SDOF) 
408 376012800 
408 376012800 
408 376012800 
K(MDOF) K1(SDOF) 
585 1192922640 
585 1192922640 
585 1192922640 
K(MDOF) K1(SDOF) 
264 538344576 
264 538344576 
264 538344576 
K(MDOF) K1(SDOF) 
141 287524944 
141 287524944 
141 287524944 
M(SDOF) Vmy(SDOF) 
5.5038 461496 
5.5038 312912 
5.5038 239112 
M(SDOF) Vmy(SDOF) 
5.4524 462480 
5.4524 313404 
5.4524 239604 
M(SDOF) Vmy(SDOF) 
5.4349 438372 
5.4349 297660 
5.4349 227796 
M(SDOF) Vmy(SDOF) 
10.1585 1714560 
10.1585 1154880 
10.1585 874560 
M(SDOF) Vmy(SDOF) 
10.3105 1424640 
10.3105 962880 
10.3105 731520 
M(SDOF) Vmy(SDOF) 
10.3348 1234560 
10.3348 836160 
10.3348 636480 
M(SDOF) Vmy(SDOF) 
14.8182 2870280 
14.8182 1999200 
14.8182 1570800 
M(SDOF) Vmy(SDOF) 
15.0462 2142000 
15.0462 1470840 
15.0462 1142400 
M(SDOF) Vmy(SDOF) 
14.2863 1756440 
14.2863 1213800 
14.2863 928200 
Yield Drift(in) 
0.5801 
0.3865 
0.2901 
Yield Drift(in) 
0.9151 
0.6097 
0.4576 
Yield Drift(in) 
1.2486 
0.8324 
0.6243 
Yield Drift(in) 
1.3828 
0.9216 
0.6909 
Yield DriftOn) 
1.9987 
1.3325 
0.9993 
Yield Drift(in} 
2.6861 
1.7916 
1.3431 
Yield Drift(in) 
2.8411 
1.8947 
1.4214 
Yield Drift(in) 
4.8020 
3.2013 
2.4029 
Yield Drift(in) 
7.4103 
4.9425 
3.7051 
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The same hysteresis types used in Chapter 4 at the element level are also used for the 
SDOF structures at the global structural level. Five percent of critical dalnping is used through 
all the analyses. In order to iInplement the study of hysteresis effects on SDOF systems, the cOln-
puter program SPECTRUM has been developed to perfonn the nonlinear tilne history analysis. 
The analysis method used in the program will be described next. 
5.2.2 Method of Analysis 
The equation of motion of a SDOF system subjected to ground acceleration iig (t) is 
(5.2) 
It is clear that for a given i([J (t), the deformation response U (t) of the systeln depends on the natu-
ral frequency Wn of the systeln and its damping ratio ~. W Il is a function of stiffness: 
(5.3) 
where stiffness k is calculated according to the rules of each hysteresis model. 
Program SPECTRUM uses an implicit generalized direct integration method (Ghabous-
si, J, 1995) to solve the equation of motion (Equation 5.2). This method is to find structural re-
sponses (Uk+(h ~lk+(J> iik +().) based on the given infonnation at previous time step (Uk> ~lk, iik ). Linear 
acceleration at time interval e LIt is applied in the method. U k +() is defined as follows: 
(5.4) 
Then, froln the equilibrium of the equation of Inotion at t k + eLI t, and by interpolating the accel-
eration, one can have: 
.. (e - 1).. 1 .. 
Uk+l = -e- Uk + (jUk+() (5.5) 
(5.6) 
(5.7) 
where y, {3, and e are parameters that determine the integration accuracy and stability. Different 
y, {3, and e values form different methods: 
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For y = x, f3 = X, ande = 1 => Newmark f3 method 
1 1 For y = 2' f3 = 6' and e = 1 => Linear acceleration l11,ethod 
1 1 For y = 2' f3 = 4' and e = 1 => Constant average acceleration method 
1 1 For y = 2' f3 = 6' ande > 1 => Wilson's e method 
When e 2: 1.37, the Wilson's e method is unconditionally stable. 
The time interval used in the calculation is 0.02 second and the periods of the structures 
are 0.3 second and larger; in these cases, the linear acceleration Illethod is stable and is chosen 
for the SDOF study. The implicit generalized direct integration Illethod has been prograillilled 
into SPECTRUM. A detailed description of and the user Illanual for this prograrll are provided 
in Appendix C. 
5.3 Effects of Hysteresis on SDOF Structural Systems 
Responses of the SDOF structural systems with the eight hysteresis types has been ob-
tained by performing calculations similar to those described in Chapter 4. Results of these cal-
culations are presented in Figures 5.2 through 5.16 in the same order as the results for MDOF 
structures were presented in the previous chapter. The following observations can be made from 
these figures. 
First, it should be noticed that the properties of the SDOF systems are directly obtained 
from the MDOF push -over analysis results. The SDOF systems are not equivalent to the SDOF 
systems studied by Nassar and Krawinkler (1991), Riddell (1995), and Miranda (1993). Usually 
the strength of the SDOF systems obtained frOIll the MDOF push-over analysis results are larger. 
It is because the over-strength of the structures which is about 20 to 30 percent of the code de-
fined design value are included in the SDOF models. Therefore, the ductility demands calculated 
from the SDOF systems are lower than the values presented in Figure 1.1. 
The period variations of average structural responses from the different buildings are 
also shown by smooth lines. The ductility demand values in Figures 5.2 through 5.4 are smaller 
than the ductility values obtained in the previous chapter, ~ F:::3 R/2.5 for structures with period 
greater than 1.5 second. For hysteresis type 1, the ductility demand for the 0.4 second structure 
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with R=6 was 8.4 for the MDOF systeln and 5.8 for the SDOF model. This different is due to 
the crude approximation of the SDOF structure. For the MDOF case, energy dissipation results 
from yielding of individual melnbers. For a given cycle of response, only a subset of lnelnbers 
will yield. The SDOF model is equivalent to assuming that all members yield at the same time. 
This will result in more energy per cycle being dissipated by the SDOF model. In fact, the global 
displacelnent of the roof versus base shear will not be nearly as pinched for the MDOF structure 
as it is for the SDOF structure. Therefore, Equation 4.5 is not applicable for the SDOF hysteresis 
type 1 structurallnodels. The responses of the SDOF structures show the shnilar trend of the 
responses presented by the MDOF structures, including the short period effect and no hysteresis 
effects for structures which have period longer than 1.5 seconds. 
Figures 5.5 through 5.7 show that the ~DOF systems with hysteresis types 2,3,4,5, and 
6 have much larger responses in the short period range of 0.4 to 0.5 second cOlnpared with hyster-
esis type 1. This effect can be seen more clearly in the case of structures with slnaller R values. 
The SDOF structures also show very small variations in maximum structural response froln the 
different hysteresis models when the period of the structures is 2.0 second and larger. The pattern 
of the structural response which was presented in the relative MDOF figures is not evident here; 
therefore, the hysteresis effect modification factor C developed in Chapter 4 is not applicable. 
The hysteresis type 7 and 8 structural models in SDOF systems have shnilar ductility delnand 
values in comparison to their responses in MDOF analysis, especially when the R is larger than 
6. In order of descent, the approximate rank of the maximum displacelnent of the hysteresis types 
to the hysteresis type 1 ratio is type 8, type 7, type 6, type 5, type 4, type 2 and type 3. This coin-
cides with the MDOF results. 
It is clear form these results that the period dependency in the ductility demand is differ-
ent for SDOF models than for MDOF models. The reason for this is similar as for the difference 
in maximum ductility delnand given above. For an SDOF model with a given cycle of response 
for a given R value, there will be a much different relative amount of energy dissipated by the 
type 1 hysteresis type and one of the other hysteresis types than for an MDOF model. The result 
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of this is that the equations for R values to use to achieve a given ductility demand as given in 
Chapter 1 is not as accurate as Equation 4.5. They are, however, much better than the constant 
R value used in seisinic codes because they incorporated the period dependency. 
The SDOF studies in this chapter are based on the infonnation obtained froin the push-
over analysis of the MDOF systems. The strength of the structures, including over-strength, is 
a known parmneter in this case. In reality, it is difficult for the study of SDOF systeins alone to 
yield accurate structural properties analysis. Higher mode effect and redundancy of the MDOF 
structures are other major factors that could produce the differences in structural response be-
tween the SDOF and MDOF systems. 
The period variation of energy dissipation relationship of the SDOF systeins (illustrated 
in Figures 5.8 through 5.16) also exhibit the saIne characteristics as obtained froin the MDOF 
studies. For structures with periods less than 1.5 seconds, the total input energy values are close 
to the values derived in the MDOF studies. For the buildings having periods 1.5 seconds and 
longer, the SDOF total input energy values are smaller. This is because the higher mode of the 
long period MDOF structures will become more effective and generate larger story shears in 
some parts of the building. 
Hysteretic energy dissipation of the SDOF systems is shown in Figures 5.11 through 
5.13. The hysteretic energy dissipation calculated from the eight hysteresis models in SDOF sys-
tems is not much different from that calculated in MDOF analysis. The SDOF hysteresis models 
include elastic components in their hysteresis loops, on the hand, in MDOF structures, the hys-
teretic energy can be dissipated only by plastic deformation at their hinges. Therefore, the SDOF 
hysteresis models 3, 4, 5, 6, and 7 will dissipate more hysteretic energy than the saIne type of 
energy was dissipated by their relative models in MDOF structures. 
Figures 5.14 through 5.16 illustrate the period variation of damping energy dissipation. 
Except for the long period structures, the overall damping energy values are larger than the val-
ues obtained from the MDOF analyses. 
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Period versus energy dissipation results calculated from the MDOF and the SDOF sys-
tems show siInilar variation patterns. Because the NEHRP design spectruln, which is used as a 
target for scaling the 12 earthquake accelerograms at each individual period point, does not fol-
low the natural earthquake response spectra curves, therefore, this scaling method directly re-
sults in the energy dissipation pattern. Similar SDOF hysteresis response calculations performed 
in the past by the author using other earthquake scaling lnethods have shown smooth curves of 
period versus energy dissipation. 
5.4 Summary and Conclusions 
In this chapter, the SDOF hysteresis lnodels are developed based on the information ob-
tained froln the MDOF structural systems studied in the pervious chapter. The method of analy-
sis and the prograln SPECTRUM are introduced. Comprehensive analyses of the SDOF struc-
tural hysteresis models are accomplished with valuable results. A cOlnparison of the SDOF 
structural solutions presented in this chapter with the MDOF solutions presented in the previous 
chapter has generated conclusions on the differences between these two types of structural sys-
telns. The significant conclusions drawn from the SDOF study are sUlnlnarized as follows: 
• The responses of the simplified equivalent SDOF systems show the siInilar trend of the 
responses presented by the MDOF structures. The main result being that the R value used 
for design should be period dependent. 
CD The ductility demand values are smaller for SDOF systems than the values calculated 
from the MDOF systems. 
CD Because SDOF structures are not redundant systems, relatively In ore serious short peri-
0d effects and larger structural responses result from the structures modeled by the hys-
teresis types with strength and stiffness degradation and pinching compared to the re-
sponses from the structures modeled as bilinear hysteresis type. As a result, the period 
dependency of R is different for SDOF models than for MDOF models. Consequently, 
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equations previously developed for design based on SDOF studies are not as accurate 
as Equation 4.5 presented herein . 
.. The period variation of energy dissipation of the SDOF systems also exhibit the silllilar 
characteristics as the MDOF structures. For long period structures, the total input energy 
evaluated from the SDOF systellls are smaller due to the effect of higher lllode inherent 
in the MDOF systems. 
• Observations have shown that although SDOF hysteresis models can provide some in-
sight on structural behavior, it is difficult to derive reliable quantitative values by using 
SDOF lllodeis. 
MassM 
Massless 
Rigid Bar 
Rotational 
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.. x 
Ground Level ~~~Ji2~~ 
height 
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Figure 5.1. SDOF systelll model. 
8 
7 
6 
@ 5 
u 4 ;:l 
a 3 
2 
0 
0.4 
8 
7 
6 
~ 5 
°fi 4 ;:l 
a 3 
2 
0 
0.4 
8 
7 
6 
@ 5 
u 4 ;:l 
Cl 3 
2 
1 
0 
0.4 
8 
7 
6 
~ 5 
'B 4 ;:l 
a 3 
2 
1 
0 
0.4 
Hysteresis Type 1 [R=4] 
-f- -- =t= ~. -.. -+--
--t------- ---1------ .---- ---- '---.--
-L- I 
,.--...--tII-"---- - ---- ----r----
---t---- ----
.--. .1----- ----. ----- ----. .--- --.-.-f--------
0.6 0.8 1.0 1.2 1.4 1.6 1.& 2.0 
Period (sec) 
Hysteresis Type 3 [R=4] 
I 
------i---------- -_ .. -..--
-tt -- I -----1---------- -- -----t-------- -------- I -- -- _ .. _--- ----
-I 
-- ------
---+--- ----
0.6 0.8 1.0 1.2 1.4 1.6 1.& 2.0 
Period (sec) 
Hysteresis Type 5 [R=4] 
---- ----1-----
--t--+--
0.6 0.& 1.0 1.2 1.4 1.6 1.8 2.0 
Period (sec) 
Hysteresis Type 7 [R=4] 
--
-+---- ---
-- --- ---- --
------,----- _._-............. 
------+---- -----
~-t 
i ____ ...J __________ 
-------
I 
--- ----
---_ .. _ .. 
---~-- ----_ .... ------- ---t-------- ----.. __ .. -
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Period (sec) 
143 
8 
7 
6 
§ 5 
~ 4 
a 3 
2 
o 
8 
7 
6 
~ 5 
'-8 4 
;:l 
a 3 
~ on 
;:l 
a 
2 
1 
o 
8 
7 
6 
5 
4 
3 
2 
1 
0 
8 
7 
6 
~ 5 
'.0 g 4 
a 3 
2 
o 
Hysteresis Type 2 [R=4] 
I I , 
__ ~~I=~~ ~ ____ ~-=-_+= ___ ~ =r-=-~ 
-±=------: ... -- ·-}-i-= 
---- ------ -------. ------- --- -----------T------
____ ..l...______ ____ ___ _ ______ ______ __. 
! I 
.---.J-.--.- .---------- ----.- --.--- -.----- ----------1-----------
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Period (sec) 
Hysteresis Type 4 [R=4] 
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Period (sec) 
Hysteresis Type 6 [R=4] 
~~t~=ti~~:-=-=f~ 
-- - ------------ ----- ------ -------- -------1------
i I 
-----r------ -------- ---- ,-- -- -------.-----
------- ........ --.- _ ...... _ .. _---- ---_ .. - --_ .. -- ----
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Period (sec) 
Hysteresis Type 8 [R=4] 
I 
----+---- ------- -----+---- ---------1-------+------
---+---- ---- -----i---- -------~! ---
I I I 
-1"------ ---------- -------t----.- ----- -----t-------
~-- . 
Iii 
.. ------------ .. -.. ------ -------t--------
i 
------- -_____ 1. ____ _ 
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
Period (sec) 
Figure 5.2. Responses of structures designed for R=4. 
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Figure 5.3. Responses of structures designed for R=6. 
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Figure 5.4. Responses of structures designed for R=8. 
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Figure 5.5. Relative response values of structures with R=4. 
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Figure 5.6. Relative response values of structures with R=6. 
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Figure 5.7. Relative response values of structures with R=8. 
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Figure 5.11. Hysteretic energy of structures with R=4. 
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Figure 5.12. Hysteretic energy of structures with R=6. 
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Figure 5.13. Hysteretic energy of structures with R=8. 
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Figure 5.15. Damping energy of structures with R=6. 
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Figure 5.16. Damping energy of structures with R=8. 
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 
6.1 Summary and Conclusions 
The Northridge earthquake has shown that steel structures may experience local failure 
modes that have not been previously observed. The development of a local fracture model for 
welded connections as the first goal of this research has been accomplished in Chapter 2. Incor-
poration of this local model to evaluate overall structural behavior is conducted on several struc-
tural systems, including the SAC benchmark three-story building and a four-story building 
damaged in the Northridge earthquake. Valuable information was learned froIll these analyses. 
The information can be considered in developing the new seismic design criteria for steel mo-
ment fraIlle connections and choosing retrofitting systems for damaged buildings in Northridge. 
Details of the development of the connection fracture element, the lllodification of the 
DRAIN-2DX base program, and some examples of application are provided in in Chapters 2 
and 3. The significant conclusions of the study are summarized below: 
.. The connection fracture material model, the modified DRAIN - 2DX program, and the 
configuration for modeling connection joints of MRF steel buildings have been proved 
to be effective for studying connection fracture problems observed from the Northridge 
earthquake . 
.. Analysis procedures utilizing the developed connection fracture element as well as the 
modified finite element program can provided valuable information for the rehabilita-
tion of the structures damaged in the Northridge earthquake . 
.. The dynamic analyses performed in Chapters 2 and 3 show that low cycle fatigue can 
greatly affect the creation of connection fractures in the structures. The Park and Ang 
damage model is selected for the dynamic study. Therefore, the fracture point of a con-
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nection can be detennined depending on the contribution from maximum deformation 
and the contribution for dissipated hysteretic energy. 
• The study of the four-story MRF building damaged in the Northridge earthquake 
shows that the strength reduction as a result of the fractures is about 9% of the original 
strength of the structure. MaxiInum roof displacement, Inaximuln interstory displace-
ments, and maximum joint plastic rotations of the building under the Northridge ground 
motion are obtained from the analyses in Chapter 3. These information are useful for ex-
alnining the relationship between the structural responses and the likelihood of fractures. 
• Post-fracture behavior of the building damaged in the Northridge earthquake is also 
carefully eXalnined throughout Inany analyses under different types of earthquake 
ground motions. Response time histories of the structure under these ground motions are 
provided for understanding the fundamentals of the post - fracture behavior of the struc-
ture. 
• Panel zone strength greatly affects the behavior of structures modeled with or without 
fractures of connections. Large plastic deformation of joint panel zone may be a source 
of connection fractures. 
e An aftershock prior to connection repair can cause additional connection fractures and 
make structures approach their stability limit. If no repairs are made in long tenn, future 
earthquakes may result in collapse of the structures. 
Understanding the effects of hysteresis models on structural system response can aid the 
development of the performance-based design and evaluation procedures. The maximum re-
sponse of buildings is closely related to the hysteretic energy dissipation. The effects ofhystere-
sis on MDOF and SDOF systems are studied in the Chapters 4 and 5 respectively. The studies 
implement eight different hysteresis models, shown in Figure 4.1. The significant conclusions 
of the study are summarized as follows: 
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• Hysteresis finite element models and the modified DRAIN-2DX program performed 
well throughout the analyses in this chapter. Therefore, the newly developed elelnents 
can be applied in the studies of hysteresis effects on structural performance. 
• Hysteresis types has only a minimuln effect on ductility demand of structures. For the 
non-pinching hysteresis models, the maximum ratios of ductility delnand to the bilinear 
hysteresis model range from 1.1 to 1.2 for period of the structures less than 1.0 second. 
For pinching hysteresis types the maxiInuIn ratios are on the order of 1.2 to 1.3. These 
are sIn all when cOInpared to the R value which can reach be as large as 8. 
• The average values of structural response of each hysteresis type as a function of period 
could be represented accurately by a smooth curve. The ductility demand in a MDOF 
structure is highly dependent on the period and R factor. A regression expression is pro-
posed to represent the ductility demand of hysteresis type 1 structures with various R val-
ues: 
or 
fl = ~ + (5R - 12) exp(-3 T) 
R = 2ft + 24exp( -3T) 
1 + 10 exp( -3T) 
For other hysteresis types, a modification factor C independent of reduction factor (R) 
value of structures is recomlnended from the study. The values of C is given in the fol-
lowing table: 
For T < 1.0 sec., C is listed in the table below. 
For T > l.5 sec., C = l.0. 
For 1.0 > T >1.5 use straight line interpolation to determine C. 
C R=4 R=6 R=8 recommended C 
Hysteresis type 1 1.00 1.00 1.00 1.00 
Hysteresis type 2 1.16 1.15 1.15 1.15 
Hysteresis type 3 1.10 1.10 1.05 1.10 
Hysteresis type 4 1.16 1.15 1.14 1.15 
Hysteresis type 5 1.25 1.24 1.28 1.20 
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Hysteresis type 6 1.31 1.32 1.35 1.25 
Hysteresis type 7 1.30 1.25 1.23 1.25 
Hysteresis type 8 1.35 1.45 1.39 1.30 
A comparison of the ductility delnand calculated from the above equation and the modi-
fication factor with the DRAIN -2DX analysis results shows good agreelnent. The Inain 
result being that the R value used for design should be period dependent. 
• Period variation of energy dissipation relationships evaluated fonn the analyses in 
Chapter 4 provided some information on the behavior of the buildings with different hys-
teresis types. Energy dissipation of structures can be used to describe the basic character-
istics of different hysteresis types, but the energy dissipation concept is difficult to apply 
for structural design. Therefore, in engineering design practice, structures can be de-
signed based on the Inaximuln displacelnent with consideration of hysteresis effects. En-
ergy dissipation is probably only important for Inelnbers whose strength and stiffness 
changes abruptly due to low cycle fatigue such as welded steel bemns. 
• The responses of the simplified equivalent SDOF systems show the similar trend of the 
responses presented by the MDOF structures. The SDOF ductility demand values are 
smaller than the values calculated from the MDOF systelns. 
• Because SDOF structures are not redundant systems, relatively more serious short peri-
0d effects and larger structural responses result from the structures modeled by the hys-
teresis types with strength and stiffness degradation and pinching compared to the re-
sponses from the structures Inodeled as bilinear hysteresis type. As a result, the period 
dependency of R is different for SDOF models than for MDOF models. Consequently, 
equations previously developed for design based on SDOF studies are not as accurate 
as Equation 4.5 presented herein. 
• The period variation of energy dissipation of the SDOF systems also exhibit the similar 
characteristics as the MDOF structures. For long period structures, the total input energy 
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evaluated from the SDOF systems are slnaller due to the effect of higher mode inherent 
in the MDOF systelns. 
• Observations have shown that although SDOF hysteresis models can provide some 
rough information on structural behaviors, it is difficult to derive reliable quantitative 
values by using SDOF models. 
6.2 Suggestions for Future Research 
The thesis provides useful tools and a basic fralnework for the study of the connection 
fracture problems observed in l~orthridge and the effects of hysteresis type on seislnic response 
of structures. However, there are Inany unresolved issues which need to be addressed for future 
research. Some of these issues are described below. 
• Connection Fracture Properties: More realistic properties values for detennining the 
fracture and post-fracture behavior of beam-to-column connections need to be obtained 
from experimental test results and case studies of buildings damaged in the Northridge 
earthquake. The values of the coefficients in the proposed damage index fonnula should 
be examined from results of testing pre-Northridge connections. 
• Structural Modeling: Additional research is needed to examine methods of modeling 
structures with realistic representation of beam strength, panel zone strength, slab con-
tribution to the beams, and connection fractures. Other effects on structural performance 
such as: strain hardening, gravity load from interior of structures, and structural damping 
values should also be examined. 
• Nonstructural COlnponents: Nonstructural components of structures will greatly affect 
the fundamental period of structures. This willinake a large difference on the response 
of structures subjected to ground motions which have relative low seismic demands in 
the range of the period calculated from analysis. Finite elelnent models of nonstructural 
components should be developed and applied in the future studies. 
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• Safety issues: A realistic safety evaluation using the developed connection fracture 
model should be accomplished by perfonning reliability based studies, due to the great 
uncertainties inherent in the connection fractures and capacities of the pre-Northridge 
MRF structures. 
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APPENDIX A 
CONNECTION ELEMENT (TYPE 10) FOR DRAIN -2DX 
ELEMENT DESCRIPTION AND USER GUIDE 
EI0.1 PURPOSE, FEATURES AND LIMITATIONS 
EI0.1.1 PURPOSE 
This is a simple inelastic element for modelling structural connections with rotational and/or translation-
al flexibility. It include all features of element type 04, and new element features of molding concrete 
joint as well as steel connection failure were added here. Element type 10 can not be mix used with 
element type 04. 
EI0.1.1 ELEMENT MODEL 
The element connects two nodes which must have identical coordinates (i.e. this is a zero-lf!Egffi ele=-_______ _ 
Inent). An element can connect either the rotational displacements of the nodes or the translational dis-
placements. Positive actions (moments or forces) and deformations are shown in Figure EIO.l. For a 
translational connection the element can connect horizontal displacelnents or vertical displacements, but 
not inclined displacements. 
The element can be specified to behave elastically or inelastically, as shown in Figure EIO.2. Complex 
modes of behavior can be obtained by placing two or more elements in parallel. 
There is no provision for second order (P-~) effects, for element loads, or for initial forces. 
EI0.1.2 VISCOUS DAMPING 
If ~K damping is specified, a linear viscous damping element is added in parallel with the basic element. 
The viscous element stiffness is ~ multiplied by the initial (elastic) stiffness of the element. 
The stiffness ofihe viscous element remains constant for any dynamic analysis, even if the basic eleillent 
yields. However, the amount of viscous damping can be changed if the structure is in a static state. using 
the 'VS' and/or eVE' options in the *PARAMETERS input section. These allow the ~ values to be 
changed for subsequent dynamic analyses. 
If the initial stiffness is large, as in a connection that is nearly rigid before it yields, the ~K damping stiff-
ness will be large, and hence large amounts of viscous energy may be absorbed after yield. This may 
not be a correct model and it may be wise to specify zero ~ values for connection elements. and to use 
other element types to obtain viscous damping. 
Some connections absorb energy by viscous action rather than by hysteresis. Such connections can be 
modelled by specifying a very small value of K and a very large value of~, so that ~K is the required 
damping stiffness. The element behaves as a linear dashpot, with a constant damping stiffness. Nonlinear 
rate dependence can not be modelled. 
If mode shapes and frequencies are calculated (*MODE analysis), the proportions of critical damping 
implied by the current ~ values are shown for each mode in the .OUT file. These proportions should be 
checked, to make sure that they are reasonable. 
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The amounts of energy absorbed by the viscous damping elements in each element group are shown in 
the .SLO (solution log) file. These values should be checked to make sure that they are reasonable. The 
.SLO file should also be checked to make sure that there is an energy balance. If there is a large difference 
between the external and internal energies, the analysis results may be inaccurate. 
EIO.l.3 OVERSHOOT TOLERANCE 
If event-to-event analysis is to be used, an overshoot tolerance must be specified. This is a tolerance 
on the element yield force or moment. 
An 'event' corresponds to a change in stiffness of an element due to yield, inelastic unloading, gap closure 
(pinching), or fracture. If event-to-event analysis is used, the structure stiffness is reformed at each 
event. It is usually wise to use event-to-event analysis. 
Consider the case where the event is element yield. If a zero value is input for the overshoot tolerance, 
the event factor is calculated so that the Inost critical elelnent just yields. If a nonzero value is input the 
event factor is chosen so that the force or moment in the element is its yield value plus the tolerance. 
That is, the element is allowed to 'overshoot' beyond its nominal yield value. As a result, there will be 
an equilibrium unbalance at the event and the analysis will be less accurate. However, the number of 
events (stiffness reformulations) may be reduced, because a number of elements Inay yield in a single 
analysis substep. In general, a small overshoot tolerance will give a more accurate analysis, but will re-
quire more execution time. 
The amount of overshoot can be controlled in two ways, first by specifying an overshoot tolerance as part 
of the element properties, and second by specifying' event overshoot scale factors' with the 'F' option 
in the *PARAMETERS input section. If no overshoot scale factors are input, these factors default to 1.0, 
and the overshoot tolerances input with the element properties are used. If overshoot scale factors are 
input the overshoot tolerances are scaled by, these factors. Separate overshoot scale factors can be input 
for static and dynamic analyses, and for each element group. The overshoot tolerances can thus be 
changed at any time, by changing the overshoot scale factors. One way to define overshoot tolerances 
is to specify a unit value with the element properties, and then control the actual value with overshoot 
scale factors. 
EIO.1.4 DAMAGE INDEX 
The damage index expressed below is used in the fracture model [kelas=3] to address 
the low cycle fatigue effect to the fracture. The damage index is a linear combination of the dam-
age caused by excessive deformation and the dissipated hysteretic energy. A positive and a nega-
tive fracture under monotonic loading ( bu+ and bu - ) are used as input. ~ and a are also input 
parameters, they are the linear and the power coefficent of dissipated hysteretic energy respec-
tively. 
Where: 
bm 
bu 
My 
dE 
~ 
a 
= 
= 
= 
= 
maximum response deformation under earthquake 
ultimate deformation capacity under monotonic loading 
calculated yielding strength 
incremental dissipated hysteretic energy 
non -negative parameters 
non-negative parameters 
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EIO.l.S STATIC PUSH OVER ANALYSIS ALGORITHM 
:t=-g Co 
::J_ 
"OOl 
Ol~ 
...... ro 
::J::J 
:90-
t5€ 
·-ro 
"OOl 
predefined control 
displacement for each 
load step Dcontrol 
gravity load from 
interior columns 
control node {}~} 
I"""'¢ii~"""""~~~;;';;;;;;;;'~~""""';;;~r----el 
Displacement Controled 
Static Pushover Analysis 
~ 
Calculate the displacement of 
the control node Dj by pushing 
the structure with distributed 
unit earthquake load vector { F} 
Calculate scale factor 
s = Di/Dcontrol 
Push structure with 
load vector s X { F } 
I 
Calculate unbalanced 
force vector { Funb } 
I 
Push structure with unbalanced 
force vector {Funb} 
Calculate the maximum 
unbalanced force Fmax 
~
~ yes 
c][XT LOAD sITV 
I 
r--
no 
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EIO.2 INPUT DATA FOR *ELEMENTGROUP 
See Figures. El0.l and El0.2 for element behavior and properties. 
EIO.2.1 Control Information 
One line 
Columns Notes Variable Data 
1-5(1) NPROP No. of property types (Inin. 1, max. 40). 
EIO.2.2 Property Types 
NPROP lines, one for each property type. 
See Figure El0.l for the sign convention. Note that positive deformation is the displacement of node J 
relative to (i.e., minus) the displacement of node 1. Positive actions are in the same directions as positive 
deformations. 
Columns Notes Variable Data (* Dynamic analysis only) 
1-5(1) Property type number, in sequence beginning with 1. 
6-15(R) Initial stiffness, kl (for rotation, moment per radian). 
16-25(R) Strain hardening ratio, k2/kl. Must be < 1. 
26-35(R) pyp Positive yield force or moment, Fy + or My +. 
36-45(R) pyn Negative yield force or moment, Fy- or My-. 
46-55(R) ovtol Overshoot tolerance (force or moment value). 
56-60(1) krotr Direction code, as follows. 
1 = X translation. 
2 = Y translation. 
3 = Rotation. 
61-65(1) EC=3,4 is kelas Elasticity code [EC], as follows. 
for krotr=3 o = Unload inelastically. 
only 1 = Unload elastically. 
2 = Unload inelastically with gap. 
3 = Steel connection failure model. [krotr=3] * 
-3 = Steel connection failure Inodel.[krotr=3] 
4 = Concrete connection model. [krotr=3] 
5 = Tri-linear steel panel zoone model. [krotr=3] 
66-70(R) EC=3 ratmyp Positive post-failure moment ratio, Mf+/My+ (default 0.5). 
EC=0,4,5 reduf Strength degradation factor (default 1.0, no degradation ). 
Additional line following above command to define the property of the element with Elasticity Code 3, 
4, & 5 one line per command. 
1-10(R) EC=3,4 vmgp [Mg+] Positive pinching moment. Use -1.0 for no pinching. 
EC=5 vmgp [~l+] Positive ulitmate moment. 
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11-20(R) EC=3,4 vmgn [Mg -] Negative pinching moment. Use -1.0 for no pinching. 
EC=5 vmgn [~l-] Negative ulitmate llloment. 
21-25(R) EC=3 pratl [Pi] Positive pinching rotation. 
EC=5 pratl [8u +] Positive ulitmate moment rotation. 
26-30(R) EC=3 prat2 [P2] Negative pinching rotation. 
EC=5 prat2 [8u -] Negative ulitmate moment rotation. 
31-40(R) EC=3 delup [Cu +] Positive fracture rotation under monotonic loading (radian). If 
input -1. 0 here, connection will fail at My +. 
41-50(R) EC=3 delun [Cu -] Negative fracture rotation under monotonic loading (radian). 
51-60(R) EC=3 vbeta [~] Damage index linear parameter, ~. (default 0.0) 
61-65(R) EC=3 valfa [a] Damage index exponential parameter, a. (default 1.0) 
66-70(R) EC=3 ratmyn Negative post-failure moment ratio, Mf-IMy- (default 0.5). 
70-75(R) EC=3 reduf post-failure strength degradation factor (default 1.0, no degra-
dation ). 
EIO.2.3 Element Generation Commands. 
As many lines as needed, one line per command. 
Elements must be numbered in sequence beginning with 1. 
Lines for the first and last elements must be provided. Intermediate elements may be generated. 
Columns Notes Variable Data 
1-5(1) Element number, or number of first element in a sequentially 
numbered series of elements to be generated by this command. 
6-15(1) N ode number at element end 1. 
16-25(1) Node number at element end J. 
26-35(1) N ode number increment for element generation. Default = 1 
36-40(1) Property type number. Default = same as preceding clement. 
EIO.3 INTERPRETATION OF RESULTS 
EIO.3.1 SIGN CONVENTIONS 
The sign conventions for element actions and deformations are shown in Figure E10.1. Accumulated 
plastic hinge rotations are calculated as shown in figure E10.3. 
EIO.3.2 EVENT CODES 
In an event-to-event analysis, the element that governs the event is identified in the ECH file, with a code 
that shows the type of event. The event types are"as follows. 
I Event type 
No event I~ Code 
Yielding 
172 
-1 Unloading 
2 Gap opens 
-2 Gap closes 
3 Steel connection totally failed 
5 Connection positive moment unload to zero [for kelas = 3,4] 
-5 Connection negative moment unload to zero [for kelas = 3,4] 
6 Connection moment unload to negative pinching point C [for kelas = 3,4] 
-6 Connection mOlnent unload to positive pinching point C' [for kelas = 3,4] 
7 Connection moment load to previous negative unload point [for kelas = 3,4] 
-7 Connection moment load to previous positive unload point [for kelas = 3,4] 
11 Tri -linear model load to first positive yield point 
-11 Tri -linear model load to first negative yield point 
EIO.3.3 ENVELOPE OUTPUT (.OUT AND .E** FILES) 
To be added 
EIO.3.4 TIME HISTORY PRINTOUT (.OUT FILE) 
To be added 
E04.3.S TIME HISTORY POST-PROCESSING (.RXX FILE) 
The following items (9 4-byte words) are output for each element in the .RXX file. To change these 
output items, see subroutine RESP10 in the ANAL10.FOR source code file. 
I Item I Description 
1 Static force or moment 
2 Viscous force or moment. 
3 Total deformation. 
4 Accumulated positive plastic deformation (sum of all positive excursions with yield code=l). 
5 Accumulated negative plastic deformation (sum of all negative excursions with yield 
code=l). 
6 N ode number at end 1. 
7 Node number at end J. 
8 Direction code (1 = X, 2 = Y, 3 = R). 
9 Yield code ( 0 = not yielded, 1 = yielded; 2 gap open). 
EIO.3.6 USER OUTPUT (.USR FILE) 
There is no user output subroutine (source code file USER10.FOR) for this elelnent. 
ryt ~8 
D~ 
( a) Node displacements 
Translational 
Spring action = F 
Spring deformation 
spring 0 = rXJ - rXI 
F \ F 
...- [JJ\,Q] ----
( c) X translational connection 
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Rotational 
spring \ 
M(li • J ijM Spring action = M Spring deformation 8 = reJ - rei 
(b) Rotational connection 
Translational t F 
spring ~ffi 
!F 
Spring action = F 
Spring deformation 
0= rYJ - rYI 
(d) Y translational connection 
FIGURE EIO.l CONNECTION TYPES 
ForM 
Fy+ or My+ k2 
(a) Inelastic unloading 
(elasticity code = 0) 
ForM 
Fy+ or My+ 
k1 
o or 8 
o or 8 
( c) Inelastic unloading with gap 
(elasticity code = 2) 
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ForM 
Fy+ or My+ 
(b) Elastic unloading 
(elasticity code = 1) 
Notes: 
kl = initial stiffness. 
() or 8 
k2/kl = strain hardening ratio. 
Yield code is as follow: 
= 0 when k = kl; 
= 1 when k = k2 and element is yielding; 
= 2 when k = k2 and gap is open 
FIGURE EIO.2 BEHAVIOR OPTIONS 
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Moment 
M +---------'--'---
9 21 ' ' 
, 13 , 
Mg- -,---- - --; 
! 
M~_~ 
\ 
\ 
\ 
\ 
'; 20 
Denotes possible unstable fracture path, its end point depends 
on system equilibrium. 
Denotes possible path 
( d -1) Steel MOlnent Connection Hysteresis Model 
(elasticity code = 3) 
FIGURE EIO.2 BEHAVIOR OPTIONS (CONTINUE) 
24 
Rotation 
10 
M+ y 
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Moment 
(d-2) Steel Moment Connection Hysteresis Model 
(elasticity code = -3) 
FIGURE EIO.2 BEHAVIOR OPTIONS (CONTINUE) 
Rotation 
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Moment 
M+-----------------
9 
M - -1-::"':---=---1 gil 
14 
M -y 
Note: Option of connection without pinching is also available in this model 
( e) Concrete Connection Hysteresis Model 
(elasticity code = 4) 
FIGURE EIO.2 BEHAVIOR OPTIONS (CONTINUE) 
18 
Rotation 
Moment 
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,,' I 
-t--~t-- -
I 
I,' 
/ ,,' 
(1) Steel Panel Zone Tri-Linear Hysteresis ModeJ (elasticity code ::::: 5) 
FIGVR.E EIO.2 BEI1AVIOR OPTIONS (CONTINUE) 
Rotation 
Force or 
Moment 
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Accumulated Positive deformation 
sum of positive yield excursions 
Gap open excursions 
are NOT included 
------------------~+_----~----~--4_-------------------~ 
Deformation 
Accumulated negative deformation = 
sum of negative yield excursions 
FIGURE EIO.3 ACCUMULATED PLASTIC DEFORMATIONS 
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APPENDIXB 
INFORMATION ON BUILDING DRAIN-2DX MODELS 
B.I General Information 
This appendix provides infonnation on the portal frame and the SAC three-story build-
ing models used in the analyses described in Chapter 2. This infonnation supplements the infor-
mation given in Chapter 2. The Inodified prograln DRAIN -2DX with the newly developed con-
nection e1elnent was used to perform static and dynamic analysis of the building Inodels. 
B.2 Portal Frame Structure: Input File Used for Demonstration of Static Push-over 
Analysis of MRF with Connection Fracture 
B.2.1 DRAIN -2DX Static Push-over Analysis Input File 
*STARTXX 
PFRAME 0 1 1 1 ONE STORY FRAME, STATIC PUSH-OVER 
! This case has nonlinear rotational connections with elasticity code=3 
*NODECOORDS 
foundation 
C 1 O. O. 
beam-column joint 
C 2 O. 150. 
C 3 O. 150. 
beam-column joint 
C 4 300. 150. 
C 5 300. 150. 
foundation 
C 6 300. O. 
*RESTRAINTS 
! pinned supports at foundations 
S 110 1 6 5 
* SLAVING 
Make connections translationally rigid 
S 110 2 3 
S 110 5 4 
*MASSES 
CONSIDER ONLY X MASS, NEGLECT Y MASS AND ROTATIONAL MASS 
X-MASS 
S 100 50.0 3 4 1 
*ELEMENTGROUP 
210 
201 
column section 
o. 2 COLUMNS AND 1 BEAM 
1 4000. . 01 81. 546.75 4. 4. 2 • 
386.4 1.0 
beam section. ignore shear deformation. default overshoot tolerance. 
2 4000. .01 144. 3888. 4. 4. 2. 
yield strength very large 
1 1 1.e10 1.e10 
columns 
1 1 2 1 1 o 1 
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2 5 6 1 1 0 1 
beam 
3 3 4 1 2 0 1 1 
*ELEMENTGROUP 
10 1 0 O. ROTATIONAL CONNECTIONS 
1 
unit overshoot tolerance. can be varied using *parameters/f. 
PROPERTY TYPES 
TYPE 1 
1 500000. 1. OE-6 500. 400. 1. 3 
CONTINUE LINE FOR ELEMENTS WITH ELASTICITY CODE 3 
80. 100. 0.01 5E-3 
ELEMENT GENERATION COMMANDS 
123 
4 5 2 
*SECTION 
section to 
O. 
get base shear 
1 1 
1. 
O. 
O. 
O. 
O. 
O. 
1 2 
*RESULTS 
! nodes 2 
NSD 001 
! all elements 
!E 001 
E 001 
! all sections 
S 001 
*NODALOAD 
HORZ 
S .5 
S .5 
* PARAMETERS 
! print only, 
OS 0 
-150. 0 
o. 
1. 
O. 
O. 
o. 
o. 
150. 
2 
1 
2 
O. 
O. 
every event 
o -1 0 
and 
O. 
O. 
1. 
o. 
o. 
O. 
O. 
O. 
20 
0.02 0.04 0.2 
overturning moment. 
SECTION THROUGH BASE 
UNIT HORIZONTAL LOAD 
2 
5 
-3 
1.0 
*STAT HORIZONTAL DISPLACEMENT 
N 
D 
*STOP 
HORZ 
2 
1. 
o 0.1 30.0 
0.5 
0.5 1.0 
B.3 SAC Benchmark Three Story Building: Input File Used for DRAIN -2DX Analysis 
B.3.1 DRAIN -2DX Static Push-over Analysis Input File 
SAC BEACHMARK MODEL ---- Model_4 
(CALCULATED BY SHAN SHI) 
UNITS ARE IN KIPS, INCHES, AND SECONDS 
THIS FILE PERFORM STATIC ANALYSIS. 
****************************************************************** 
*STARTXX 
STRU4 o 1 1 1 STATIC PUSH-OVER ANALYSIS 
****************************************************************** 
*NODECOORDS 
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GENERATE CONTROL NODES 
FIRST TWO DIGITS REFER TO VERTICAL FLOOR LOCATION 
SECOND TWO DIGITS REFER TO HORIZONTAL LOCATION 
FIRST LEVEL HORIZONTAL NODES 
C 0101 0.0 0.0 
C 0102 0.0 0.0 
C 0103 360.0 0.0 
C 0104 360.0 0.0 
C 0105 360.0 0.0 
C 0106 720.0 0.0 
C 0107 720.0 0.0 
C 0108 720.0 0.0 
C 0109 1080.0 0.0 
C 0110 1080.0 0.0 
C 0111 1440.0 0.0 
C 0112 1600.0 0.0 
FIRST LEFT VERTICAL NODES 
C 0201 0.0 156.0 
C 0401 0.0 468.0 
GENERATE NODES ALONG HORIZONTAL & VERTICAL AXES 
L 0201 0401 100 1 156.0 
USE FRONTAL EXTRAPOLATION TO GENERATE ALL OTHER NODES 
F 0101 0112 1 0401 100 
****************************************************************** 
*RESTRAINTS 
FIX BASE NODES 
S 111 0101 
S 111 0104 
S 111 0107 
S 111 0110 
S 111 0111 
PIN TRUSS NODE 
S 110 0112 
****************************************************************** 
*SLAVING 
------------------------------------------------------------------
REQUIRE ALL HORIZONTAL DISPLACEMENTS ON A FLOOR TO BE THE SAME 
MASTER SLAVE SLAVE 1 
x-slave 
S 100 0201 0202 0211 1 
S 100 0301 0302 0311 
S 100 0401 0402 0411 
y-slave 
S 010 0201 0202 
S 010 0203 0204 0205 
S 010 0206 0207 0208 
S 010 0209 0210 
S 010 0301 0302 
S 010 0303 0304 0305 
S 010 0306 0307 0308 1 
S 010 0309 0310 
S 010 0401 0402 
S 010 0403 0404 0405 1 
S 010 0406 0407 0408 1 
S 010 0409 0410 
****************************************************************** 
*MASSES 
CONSIDER ONLY X MASS, NEGLECT Y MASS AND ROTATIONAL MASS 
X-MASS 
S 100 128.4 0201 0211 10 386.4 1.0 
S 100 
S 100 
S 100 
S 100 
S 100 
256.8 
128.4 
256.8 
122.76 
245.52 
0204 
0301 
0304 
0401 
0404 
0210 
0311 
0310 
0411 
0410 
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3 
10 
3 
10 
3 
****************************************************************** 
*ELEMENTGROUP 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
DEFINE COLUMNS (ALLOW FOR P-DELTA FOR ANALYSIS) 
2 1 1 1.0 COLUMN SECTIONS 
INPUT SPECIFIC TO ELEMENT TYPE 2 
3 0 9 
STIFFNESS TYPES 
1 29000. 
2 29000. 
3 29000. 
YIELD SURFACE TYPES 
0.03 
0.03 
0.03 
YIELD STRESS TAKEN AS 50 KSI 
75.6 
91.4 
20.0 
3400. 
4330. 
121. 
4.0 4.0 2.0 
4.0 4.0 2.0 
4.0 4.0 2.0 
FOR FRACTURE CONNECTION MODEL and STRONG COLUMN WEAK BEAM DESIGN, 
ALL COLUMN STRENGTH SHOULD BEVERY LARGE. THIS MAKE YIELDING 
ONLY OCCUR AT CONNECTIONS. 
1 2 24350. 24350. 
2 
3 
4 
5 
6 
7 
8 
9 
2 
2 
2 
2 
2 
2 
2 
2 
24350. 
24350. 
30150. 
30150. 
30150. 
5750. 
5750. 
5750. 
24350. 
24350. 
30150. 
30150. 
30150. 
5750. 
5750. 
5750. 
ELEMENT GENERATION COMMANDS 
FIRST STORY COLUMNS 
0101 0201 
0104 0204 
0107 0207 
0110 0210 
0111 0211 
SECOND STORY COLUMNS 
0201 0301 
0204 0304 
0207 
0210 
0211 
0307 
0310 
0311 
THIRD STORY COLUMNS 
0301 0401 
0304 0404 
0307 
0310 
0311 
0407 
0410 
0411 
3430.0 
3294.5 
3207.3 
4246.3 
4207.8 
4152.7 
804.7 
735.0 
735.0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
1 
3 
1 
2 
2 
1 
3 
1 
2 
2 
1 
3 
3780. 1.0 0.15 1.0 0.15 
3780. 
3780. 
4570. 
4570. 
4570. 
1000. 
1000. 
1000. 
1 
4 
4 
1 
7 
2 
5 
5 
2 
8 
3 
6 
6 
3 
9 
1.0 0.15 
1.0 0.15 
1.0 0.15 
1.0 0.15 
1.0 0.15 
1.0 0.15 
1.0 0.15 
1.0 0.15 
1 
4 
4 
7 
2 
5 
5 
2 
8 
3 
6 
6 
3 
9 
1.0 0.15 
1.0 0.15 
1.0 0.15 
1.0 0.15 
1.0 0.15 
1.0 0.15 
1.0 0.15 
1.0 0.15 
! ****************************************************************** 
*ELEMENTGROUP 
NEGLECT P-DELTA IN GIRDERS 
2 1 0 1.0 
303 
STIFFNESS TYPES 
1 29000.0 
2 29000.0 
3 29000.0 
YIELD SURFACE TYPES 
0.03 
0.03 
0.03 
34.2 
18.2 
11.8 
YIELD STRESS TAKEN AS 36 KSI 
BEAMS/GIRDERS 
4930. 
1550. 
612. 
4.0 4.0 2.0 
4.0 4.0 2.0 
0.0 0.0 0.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
i 
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FOR FRACTURE CONNECTION MODEL, ALL BEAM STRENGTH SHOULD BE 
VERY LARGE. THIS MAKE YIELDING ONLY OCCUR AT CONNECTIONS 
1 1 1.0E08 1.0E08 
2 
3 
1 
1 
1.0E08 
1.0E08 
ELEMENT GENERATION 
FIRST FLOOR 
0202 
0205 
0208 
0210 
SECOND FLOOR 
0302 
0305 
0308 
0310 
1.0E08 
1.0E08 
COMMANDS 
0203 
0206 
0209 
0211 
0303 
0306 
0309 
0311 
THIRD FLOOR (ROOF) 
0402 0403 
0405 0406 
0408 0409 
0410 0411 
1 1 1 
1 1 1 
1 1 1 
1 3 3 3 
1 1 1 1 
1 1 1 
1 1 
1 3 3 3 
2 2 2 
2 2 2 
2 2 2 
3 3 3 
****************************************************************** 
*ELEMENTGROUP 
1 
2 
3 
4 
5 
6 
GROUP INFORMATION 
ADDITIONAL TRUSS FOR CALCULATE P-DELTA EFFECT 
1 1 1 0.0 ADDITIONAL TRUSS 
ELEMENT DATA 
INPUT SPECIFIC ELEMENT TO TYPE 1 
1 
STIFFNESS TYPES 
1 29000.0 
ELEMENT GENERATION 
COLUMNS 
0112 
0212 
0312 
BEAMS 
0211 
0311 
0411 
0.03 50.0 
COMMANDS 
0212 
0312 1 
0412 
0212 1 
0312 1 
0412 1 
1.0E8 1.0E8 
1 
1 
1 
1 
1 
o 
! ****************************************************************** 
*ELEMENTGROUP 
GROUP INFORMATION 
NEGLECT P-DELTA IN GIRDERS 
10 1 0 0.0 
ELEMENT DATA 
INPUT SPECIFIC TO ELEMENT TYPE 10 
6 
CONNECTION ELEMENT 
PROPERTY TYPES and DEFINE PROPERTY ELEMENT 
EC(ELASTIC CODE)= 3 
YIELD STRESS TAKEN AS 36 KSI FOR BEAM, 50 FOR COLUMN 
5 
Ki SHR My+ My- OVTOL KROTR KELAS RATMYP 
1 6162350. 0.01 13608. 13608. 5. 3 0 
2 7728896. 0.01 13608. 13608. 5. 3 0 
3 7728896. 0.01 13608. 13608. 5. 3 0 
4 4874848. 0.01 5508. 5508. 5. 3 0 
5 6114095. 0.01 5508. 5508. 5. 3 0 
6 6114095. 0.01 5508. 5508. 5. 3 0 
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1 6162350. 0.01 13608. 13608. 5. 3 -3 
963.7 2409.4 1E-2 4E-3 0.005 0.06 0.15 1.0 
2 7728896. 0.01 13608. 13608. 5. 3 -3 
963.7 2409.4 1E-2 4E-3 0.015 0.06 0.15 1.0 
3 7728896. 0.01 13608. 13608. 5. 3 -3 
963.7 2409.4 1E-2 4E-3 0.025 0.06 0.15 1.0 
4 4874848. 0.01 5508. 5508. 5. 3 -3 
354.9 887.4 1E-2 4E-3 0.005 0.06 0.15 1.0 
5 6114095. 0.01 5508. 5508. 5. 3 -3 
354.9 887.4 1E-2 4E-3 0.015 0.06 0.15 1.0 
6 6114095. 0.01 5508. 5508. 5. 3 -3 
354.9 887.4 1E-2 4E-3 0.025 0.06 0.15 1.0 
ELEMENT GENERATION COMMANDS 
SECOND LEVEL 
1 0201 0202 1 1 
2 0203 0204 1 2 
3 0204 0205 1 2 
4 0206 0207 3 
5 0207 0208 1 3 
6 0209 0210 1 
THIRD LEVEL 
7 0301 0302 1 1 
8 0303 0304 1 2 
9 0304 0305 1 2 
10 0306 0307 1 3 
11 0307 0308 1 3 
12 0309 0310 1 
FOURTH LEVEL 
13 0401 0402 1 4 
14 0403 0404 1 5 
15 0404 0405 1 5 
16 0406 0407 6 
17 0407 0408 6 
18 0409 0410 4 
! ****************************************************************** 
*SECTION 
DEFINE FIRST FLOOR STRUCTURAL SECTION TO MONITOR BASE SHEAR 
0.0 BASE SHEAR 
CUTTING ELEMENTS 
1 1 720.0 0 
TRANSFORMATION MATRIX 
1.0 0.0 0.0 
0.0 1.0 0.0 
0.0 0.0 1.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
1 2 360.0 1 
1 3 0.0 1 
4 -360.0 
1 5 -720.0 
****************************************************************** 
*SECTION 
DEFINE A STRUCTURAL SECTION TO MONITOR 2ND FLOOR SHEAR 
0.0 2ND FLOOR SHEAR 
CUTTING ELEMENTS 
1 6 720.0 0 
TRANSFORMATION MATRIX 
1.0 0.0 0.0 
0.0 
0.0 
0.0 
1.0 
0.0 
0.0 
0.0 
1.0 
0.0 
0.3 
0.5 1.0 
0.3 
0.5 1.0 
0.3 
0.5 1.0 
0.3 
0.5 1.0 
0.3 
0.5 1.0 
0.3 
0.5 1.0 
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0.0 0.0 0.0 
0.0 0.0 0.0 
1 7 360.0 
1 8 0.0 1 
1 9 -360.0 1 
1 10 -720.0 1 
****************************************************************** 
*SECTION 
DEFINE A STRUCTURAL SECTION TO MONITOR 3RD FLOOR SHEAR 
0.0 3RD FLOOR SHEAR 
CUTTING ELEMENTS 
1 11 720.0 0 
TRANSFORMATION MATRIX 
1.0 0.0 0.0 
0.0 1.0 0.0 
0.0 0.0 1.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
1 12 360.0 1 
1 13 0.0 1 
1 14 -360.0 1 
1 15 -720.0 1 
****************************************************************** 
DEFINE INTERS TORY DRIFT RATIOS AS GENERALIZED DISPLACEMENTS 
STORY HEIGHT = 156 IN ; 1/156=0.006410 
*GENDISP 
0201 
0101 
*GENDISP 
0301 
0201 
*GENDISP 
0401 
0301 
1 0.006410 
1 -0.006410 
0.006410 
1 -0.006410 
1 0.006410 
-0.006410 
FIRST STORY DRIFT 
SECOND STORY DRIFT 
THIRD STORY DRIFT 
****************************************************************** 
*RESULTS 
! ------------------------------------------------------------------
! GET DISPLACEMENT PROFILE 
NSD 011 0101 0401 100 
! ------------------------------------------------------------------
! GET BASE SHEAR INFO 
! S 011 
PRINT OUT ELEMENT DATA 
E 001 
GET GENERALIZED DISPLACEMENT 
GD 001 
! ****************************************************************** 
*NODALOAD 
! ------------------------------------------------------------------
! DEFINE NORMALIZED EQ. LOAD PATTERN 
PUSH 
using NEHRP vertical distribution 
S 0.17 0.0 0.0 
S 0.34 0.0 0.0 
S 0.49 0.0 0.0 
PUSH OVER LOAD PATTERN 
0201 
0301 
0401 
****************************************************************** 
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*ELEMLOAD 
DEFINE FIXED END FORCE PATTERNS TO BE USED. PATTERNS ARE DEFINED 
FOR UNIT LOAD VALUES. PATTERNS ARE SCALED LATER TO REFLECT ACTUAL 
LOADING. 
FIXED END FORCES DEFINED BELOW BASED ON I,J FROM LEFT TO RIGHT AND 
LOADS ACTING DOWN. 
PATTERN NAME 
GRLD 
ELEMENT GROUP 
G 1 4 
LOADS SETS 
GRAVITY LOAD PATTERNS 
DEFINE FIXED END FORCES (L CONSTANT 156 IN) 3,4:ROOF 1,2:0THER 
COORD.CD LLRF pi vi Mi Pj Vj 
1 0 1.0 0.0 0.0 0.0 22.90 0.0 
2 0 1.0 0.0 0.0 0.0 34.00 0.0 
3 0 1.0 0.0 0.0 0.0 19.90 0.0 
4 0 1.0 0.0 0.0 0.0 30.50 0.0 
LOADED ELEMENT AND LOAD SET SCALE FACTORS 
ASSIGN FIXED END FORCE PATTERNS TO ELEMENTS AND SCALE. 
FE LE INC LSET S FACTOR 
(FIRST STORY) 
1 5 4 1 1.0 
2 4 1 2 1.0 
(SECOND STORY) 
6 10 4 1 1.0 
7 9 1 2 1.0 
(THIRD STORY) 
11 15 4 3 1.0 
12 14 1 4 1.0 
DON'T FORGET BLANK LINE ABOVE ~~~~~~~~~~~~~~~ 
****************************************************************** 
ELEMENT GROUP 
G 2 2 
LOADS SETS 
DEFINE FIXED END FORCES (L 360 IN) 2:ROOF 1:0THER FL. 
COORD.CD LLRF pi Vi Mi Pj Vj 
1 0 1.0 0.0 14.790 881.9 0.0 14.790 
2 0 1.0 0.0 12.600 756.0 0.0 
LOADED ELEMENTS AND LOAD SET SCALE FACTOR 
ASSIGN FIXED END FORCE PATTERNS TO ELEMENTS AND SCALE. 
FE 
1 
9 
LE INC 
8 1 
12 1 
LSET 
1 
2 
S FACTOR 
1.0 
1.0 
12.600 
DON'T FORGET BLANK LINE ABOVE ~~~~~~~~~~~~~~~ 
****************************************************************** 
ELEMENT GROUP 
G 3 2 
LOADS SETS 
DEFINE FIXED END FORCES (L = 156 IN) 2:ROOF 1:0THER FL. 
COORD.CD pi vi Pj Vj 
1 0 0.0 0.0 1083.35 0.0 
2 0 0.0 0.0 963.35 0.0 
LOADED ELEMENTS AND LOAD SET SCALE FACTOR 
ASSIGN FIXED END FORCE PATTERNS TO ELEMENTS AND SCALE. 
FE LE INC LSET 
FL. 
Mj 
0.0 
0.0 
0.0 
0.0 
Mj 
-881.9 
-756.0 
1 
3 
2 1 1 
2 
1.0 
1.0 
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DON'T FORGET BLANK LINE ABOVE ~~~~~~~~~AAA~~~ 
****************************************************************** 
* PARAMETERS 
! OUTPUT INTERVALS FOR STATIC ANALYSIS 
SAVE STRUCTURE STATE AT END OF ANALYSIS FOR FUTURE USE 
OS 1 0 1 0 0 
****************************************************************** 
*GRAV GRAVITY LOAD ANALYSIS 
ELEMENT LOADS 
E GRLD 
****************************************************************** 
* PARAMETERS 
! OUTPUT INTERVALS FOR STATIC ANALYSIS 
PRINT OUT ENVELOPES AT LARGE INTERVALS AND AT END OF ANALYSIS. 
OS 0 0 1 0 500 
****************************************************************** 
*STAT 
N 
NODAL LOADS 
PUSH 1. 
DISPLACEMENT CONTROL 
D 0401 0101 
NONLINEAR PUSH-OVER 
0.1 22.0 
****************************************************************** 
*STOP 
B.3.2 DRAIN -2DX Dynamic Time History Analysis Input File 
SAC BENCHMARK MODEL ---- Model_4 
(CALCULATED BY SHAN SHI) 
UNITS ARE IN KIPS, INCHES, AND SECONDS 
THIS FILE PERFORM DYNAMIC ANALYSIS. 
****************************************************************** 
*STARTXX 
STRU4 o 2 1 1 DYNAMIC ANALYSIS 
****************************************************************** 
*NODECOORDS 
SAME AS STATIC PUSH-OVER ANALYSIS INPUT FILE ) 
ELEMENTGROUP FOR THE CONNECTIONS USING FOLLOWS: 
****************************************************************** 
*ELEMENTGROUP 
GROUP INFORMATION 
NEGLECT P-DELTA IN GIRDERS 
10 1 0 0.0 
ELEMENT DATA 
INPUT SPECIFIC TO ELEMENT TYPE 10 
6 
CONNECTION ELEMENT 
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------------------------------------------------------------------
PROPERTY TYPES and DEFINE PROPERTY ELEMENT 
EC(ELASTIC CODE)= 3 
YIELD STRESS TAKEN AS 36 KSI FOR BEAM, 50 FOR COLUMN 
Ki SHR My+ My- OVTOL KROTR KELAS RATMYP 
1 6162350. 0.01 13608. 13608. 5. 3 0 
2 7728896. 0.01 13608. 13608. 5. 3 0 
3 77288960 0001 13608. 13608. 5. 3 0 
4 4874848. 0.01 5508. 5508. 5. 3 0 
5 6114095. 0.01 5508. 5508. 5. 3 0 
6 6114095. 0.01 5508. 5508. 5. 3 0 
1 6162350. 0.01 13608. 13608. 5. 3 3 0.3 
963.7 2409.4 1E-2 4E-3 0.005 0.06 0.15 1.0 0.5 1.0 
2 7728896. 0.01 13608. 13608. 5. 3 3 0.3 
963.7 2409.4 1E-2 4E-3 0.015 0.06 0.15 1.0 0.5 1.0 
3 7728896. 0.01 13608. 13608. 5. 3 3 0.3 
963.7 2409.4 1E-2 4E-3 0.025 0.06 0.15 1.0 0.5 1.0 
4 4874848. 0.01 5508. 5508. 5. 3 3 0.3 
354.9 887.4 1E-2 4E-3 0.005 0.06 0.15 1.0 0.5 1.0 
5 6114095. 0.01 5508. 5508. 5. 3 3 0.3 
354.9 887.4 1E-2 4E-3 0.015 0.06 0.15 1.0 0.5 1.0 
6 6114095. 0.01 5508. 5508. 5. 3 3 0.3 
354.9 887.4 1E-2 4E-3 0.025 0.06 0.15 1.0 0.5 1.0 
------------------------------------------------------------------
ELEMENT GENERATION COMMANDS 
SECOND LEVEL 
1 0201 0202 
2 0203 0204 2 
3 0204 0205 2 
4 0206 0207 3 
5 0207 0208 3 
6 0209 0210 
THIRD LEVEL 
7 0301 0302 1 1 
8 0303 0304 2 
9 0304 0305 1 2 
10 0306 0307 1 3 
11 0307 0308 1 3 
12 0309 0310 1 1 
FOURTH LEVEL 
13 0401 0402 1 4 
14 0403 0404 1 5 
15 0404 0405 1 5 
16 0406 0407 1 6 
17 0407 0408 6 
18 0409 0410 4 
****************************************************************** 
SAME AS STATIC PUSH-OVER ANALYSIS INPUT FILE ) 
****************************************************************** 
*RESULTS 
! ------------------------------------------------------------------
! GET DISPLACEMENT PROFILE 
NSD 011 0201 0401 100 
! ------------------------------------------------------------------
! GET BASE SHEAR INFO 
! S 011 
PRINT OUT ELEMENT DATA 
E 001 4 1 6 
****************************************************************** 
*ACCNREC 
SPECIFY GROUND ACCELERATION RECORD 
! NOTE: CANNOT READ IN AS FREE-FORMAT (*) IF THERE IS A LABEL IN DATA FILE 
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INDICATING UNITS. MUST USE FORMAT STATEMENT. 
SAC=SAC GROUND MOTION 
SAC Motion1.dat (2 f14.5) SAC MOTION # 1 
4000 1 1 2 
! ------------------------------------------------------------------
! ****************************************************************** 
*ELEMLOAD 
DEFINE FIXED END FORCE PATTERNS TO BE USED. PATTERNS ARE DEFINED 
FOR UNIT LOAD VALUES. PATTERNS ARE SCALED LATER TO REFLECT ACTUAL 
LOADING. 
FIXED END FORCES DEFINED BELOW BASED ON I,J FROM LEFT TO RIGHT AND 
LOADS ACTING DOWN. 
PATTERN NAME 
GRLD 
ELEMENT GROUP 
G 1 4 
GRAVITY LOAD PATTERNS 
------------------------------------------------------------------
LOADS SETS 
DEFINE FIXED END FORCES (L CONSTANT 156 IN) 3,4:ROOF 1,2:0THER 
COORD.CD LLRF pi Vi Mi Pj 
1 0 1.0 0.0 0.0 0.0 22.90 
2 0 1.0 0.0 0.0 0.0 34.00 
3 0 1.0 0.0 0.0 0.0 19.90 
4 0 1.0 0.0 0.0 0.0 30.50 
LOADED ELEMENT AND LOAD SET SCALE FACTORS 
ASSIGN FIXED 
FE LE INC 
(FIRST STORY) 
END FORCE PATTERNS TO ELEMENTS AND SCALE. 
1 5 4 
2 4 1 
(SECOND STORY) 
6 10 4 
7 9 1 
(THIRD STORY) 
11 15 4 
12 14 1 
LSET 
1 
2 
1 
2 
3 
4 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
Vj 
0.0 
0.0 
0.0 
0.0 
DON'T FORGET BLANK LINE ABOVE AAAAAAAAAAAAAAA 
****************************************************************** 
ELEMENT GROUP 
G 2 2 
LOADS SETS 
DEFINE FIXED END FORCES (L 360 IN) 2:ROOF 1:0THER FL. 
COORD.CD LLRF pi vi Mi Pj Vj 
1 0 1.0 0.0 14.790 881.9 0.0 14.790 
2 0 1.0 0.0 12.600 756.0 0.0 
LOADED ELEMENTS AND LOAD SET SCALE FACTOR 
ASSIGN FIXED END FORCE PATTERNS TO ELEMENTS AND SCALE. 
FE 
1 
9 
LE INC 
8 1 
12 1 
LSET 
1 
2 
12.600 
DON'T FORGET BLANK LINE ABOVE AAAAAAAAAAAAAAA 
****************************************************************** 
ELEMENT GROUP 
G 3 2 
LOADS SETS 
DEFINE FIXED END FORCES (L = 156 IN) 2:ROOF 1:0THER FL. 
COORD.CD pi vi Pj Vj 
FL. 
Mj 
0.0 
0.0 
0.0 
0.0 
Mj 
-881.9 
-756.0 
1 
2 
o 
o 
0.0 
0.0 
0.0 
0.0 
1083.35 
963.35 
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0.0 
0.0 
LOADED ELEMENTS AND LOAD SET SCALE FACTOR 
ASSIGN FIXED END FORCE PATTERNS TO ELEMENTS AND SCALE. 
FE LE INC LSET S_FACTOR 
1 2 1 1 1.0 
3 2 1.0 
DON'T FORGET BLANK LINE ABOVE AAAAAAAAAAAAAAA 
****************************************************************** 
* PARAMETERS 
! OUTPUT INTERVALS FOR STATIC ANALYSIS 
SAVE STRUCTURE STATE AT END OF ANALYSIS FOR FUTURE USE 
OS 1 0 1 0 0 
****************************************************************** 
*GRAV GRAVITY LOAD ANALYSIS 
ELEMENT LOADS 
E GRLD 
****************************************************************** 
* PARAMETERS 
! DEFINE ALPHA AND BETA TO ACHIEVE 5% DAMPING IN FIRST TWO MODES 
! NOTE: THIS ASSUMES THAT DAMPING HAS NOT BEEN SET IN AN EARLIER ANALYSIS!!! 
VS 0.1794 0.001628 
! SPECIFY INFO NEEDED FOR DYNAMIC ANALYSIS (RESPONSE AT EACH TIME STEP) 
OD 0 0 . 0 0 . 1 0 O. 9999 0 . 
! TURN OFF OPTIONS TO CORRECT VEL AND ACCEL (PER USER MANUAL RECOMMENDATION) 
DC 1 0 0 -999 
! TIME STEP PARAMETERS 
DT 0.02 
! ------------------------------------------------------------------
*ACCN DYNAMIC ANALYSIS OF BUILDING 
NOTE: ELCENTRO RECORD DATA FILE IN UNITS OF inlsls STRUCTURE UNITS ARE 
INCHES AND SECONDS. MUST SCALE RECORD BY (1.0) 
50.0 2500 1 
1 SAC 1.0 1.0 
*STOP 
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APPENDIXC 
INFORMATION ON THE FOUR-STORY NORTHRIDGE BUILDING 
DRAIN-2DX MODELS 
C.I General Information 
This appendix provides information on the four-story Northridge case study building 
used in the analyses described in Chapter 3. This information supplelnents the information given 
in Chapter 3. The modified program DRAIN-2DX with the newly developed connection ele-
Inent was used to perform static and dynmnic analysis of the building. 
C.2 Northridge Four-Story Building: Input File Used for DRAIN -2DX Analysis 
C.2.! DRAIN -2DX Static Push-over Analysis Input File 
4-STORY NORTHRIDGE BUILDING 
(CALCULATED BY SHAN SHI) 
UNITS ARE IN KIPS, INCHES, AND SECONDS 
THIS FILE PERFORM STATIC ANALYSIS. 
****************************************************************** 
*STARTXX 
NR4D 011 1 STATIC PUSH-OVER ANALYSIS 
****************************************************************** 
*NODECOORDS 
GENERATE CONTROL NODES 
FIRST TWO DIGITS REFER TO VERTICAL FLOOR LOCATION 
SECOND TWO DIGITS REFER TO HORIZONTAL LOCATION 
FIRST LEVEL HORIZONTAL NODES 
C 0101 0.0 0.0 
C 0102 0.0 0.0 
C 0103 240.0 0.0 
C 0104 240.0 0.0 
C 0105 240.0 0.0 
C 0106 480.0 0.0 
C 0107 480.0 0.0 
C 0108 480.0 0.0 
C 0109 720.0 0.0 
C 0110 720.0 0.0 
C 0111 820.0 0.0 
C 0112 1060.0 0.0 
C 0113 1300.0 0.0 
C 0114 1540.0 0.0 
FIRST LEFT VERTICAL NODES 
C 0201 0.0 156.0 
C 
C 
0401 
0501 
0.0 
0.0 
468.0 
636.0 
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GENERATE NODES ALONG HORIZONTAL & VERTICAL AXES 
L 0201 0401 100 1 156.0 
USE FRONTAL EXTRAPOLATION TO GENERATE ALL OTHER NODES 
F 0101 0114 1 0501 100 
****************************************************************** 
*RESTRAINTS 
FIX BASE NODES 
S 111 0101 
S 111 0104 
S 111 0107 
S 111 0110 
S 111 0111 
S 111 0114 
PI}1 TRUSS ~NODE 
S 110 0112 
S 110 0113 
****************************************************************** 
*SLAVING 
------------------------------------------------------------------
REQUIRE ALL HORIZONTAL DISPLACEMENTS ON A FLOOR TO BE THE SAME 
MASTER SLAVE SLAVE 
x-slave 
S 100 0201 0202 0214 
S 100 0301 0302 0314 
S 100 0401 0402 0414 
S 100 0501 0502 0514 
y-slave 
S 010 0201 0202 
S 010 0203 0204 0205 1 
S 010 0206 0207 0208 
S 010 0209 0210 
S 010 0301 0302 
S 010 0303 0304 0305 1 
S 010 0306 0307 0308 1 
S 010 0309 0310 
S 010 0401 0402 
S 010 0403 0404 0405 1 
S 010 0406 0407 0408 1 
S 010 0409 0410 
S 010 0501 0502 
S 010 0503 0504 0505 1 
S 010 0506 0507 0508 
S 010 0509 0510 
****************************************************************** 
*MASSES 
CONSIDER ONLY X MASS, NEGLECT Y MASS AND ROTATIONAL MASS 
------------------------------------------------------------------
X-MASS 
S 100 29.7 0201 0210 9 386.4 
S 100 29.7 0211 0214 3 
S 100 59.3 0204 0207 3 
S 100 59.3 0212 0213 1 
S 100 29.7 0301 0310 9 
S 100 29.7 0311 0314 3 
S 100 59.3 0304 0307 3 
S 100 59.3 0312 0313 
S 100 29.7 0401 0410 9 
S 100 29.7 0411 0414 3 
S 100 59.3 0404 0407 3 
S 100 59.3 0412 0413 1 
1.0 
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S 100 
S 100 
S 100 
S 100 
26.0 
26.0 
52.0 
52.0 
0501 
0511 
0504 
0512 
0510 
0514 
0507 
0513 
9 
3 
3 
****************************************************************** 
*ELEMENTGROUP 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
DEFINE COLUMNS (ALLOW FOR P-DELTA FOR ANALYSIS) 
2 1 1 1.0 MRF COLUMN SECTIONS 
INPUT SPECIFIC TO ELEMENT TYPE 2 
1 0 1 
STIFFNESS TYPES 
1 29000. 
YIELD SURFACE TYPES 
0.00 
YIELD STRESS TAKEN AS 50 KSI 
42.7 1710. 4.0 4.0 2.0 
FOR FRACTURE CONNECTION MODEL and STRONG COLUMN WEAK BEAM DESIGN, 
ALL COLUMN STRENGTH SHOULD BEVERY LARGE. THIS MAKE YIELDING 
ONLY OCCUR AT CONNECTIONS. 
1 2 13000. 13000. 2135. 2135. 1.0 0.15 1.0 0.15 
------------------------------------------------------------------
ELEMENT GENERATION COMMANDS 
FIRST STORY COLUMNS 
0101 0201 1 1 1 1 
0104 0204 1 1 1 1 
0107 0207 1 1 1 1 
0110 0210 1 1 1 1 
SECOND STORY COLUMNS 
0201 0301 1 1 
0204 0304 1 1 1 
0207 0307 1 1 
0210 0310 1 1 1 
THIRD STORY COLUMNS 
0301 0401 1 1 1 1 
0304 0404 1 1 1 1 
0307 0407 1 1 1 
0310 0410 1 1 
FOURTH STORY COLUMNS 
0401 0501 1 1 1 1 
0404 0504 1 1 1 1 
0407 0507 1 1 1 1 
0410 0510 1 1 1 1 
! ****************************************************************** 
*ELEMENTGROUP 
2 
3 
NEGLECT P-DELTA IN GIRDERS 
2 1 0 1.0 
301 
STIFFNESS TYPES 
1 29000.0 
2 29000.0 
3 29000.0 
YIELD SURFACE TYPES 
0.03 
0.03 
0.03 
50.0 
50.0 
50.0 
MRF BEAMS/GIRDERS 
3318. 4.0 4.0 2.0 
2967. 4.0 4.0 2.0 
1136. 4.0 4.0 2.0 
FOR FRACTURE CONNECTION MODEL, ALL BEAM STRENGTH SHOULD BE 
VERY LARGE. THIS MAKE YIELDING ONLY OCCUR AT CONNECTIONS 
1 1 1.0E08 1.0E08 
ELEMENT GENERATION COMMANDS 
FIRST FLOOR 
0202 0203 1 1 1 
0205 0206 1 1 
0208 0209 1 1 1 
SECOND FLOOR 
10.0 
10.0 
10.0 
10.0 
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4 0302 0303 1 1 1 
5 0305 0306 1 1 1 
6 0308 0309 1 1 
THIRD FLOOR 
7 0402 0403 1 2 1 1 
8 0405 0406 1 2 1 1 
9 0408 0409 1 2 1 1 
FOURTH FLOOR (ROOF) 
10 0502 0503 3 1 1 
11 0505 0506 3 1 1 
12 0508 0509 3 1 1 
! ****************************************************************** 
*ELEMENTGROUP 
1 
2 
3 
4 
GROUP INFORMATION 
ADDITIONAL TRUSS FOR CALCULATE P-DELTA EFFECT 
1 1 0 0.0 LINK TRUSS 
ELEMENT DATA 
INPUT SPECIFIC ELEMENT TO TYPE 1 
1 
STIFFNESS TYPES 
1 29000.0 0.03 
ELEMENT GENERATION COMMANDS 
LINKS 
0210 
0310 
0410 
0510 
0211 
0311 
0411 
0511 
50.0 
1 
1.0E8 1.0E8 o 
! ****************************************************************** 
! ****************************************************************** 
*ELEMENTGROUP 
DEFINE COLUMNS (ALLOW FOR P-DELTA FOR ANALYSIS) 
2 1 1 1.0 SF COLUMN SECTIONS 
INPUT SPECIFIC TO ELEMENT TYPE 2 
3 0 3 
STIFFNESS TYPES 
1 29000. 0.00 62.0 1030. 4.0 4.0 2.0 
2 29000. 0.00 22.6 455. 4.0 4.0 2.0 
3 29000. 0.00 14.4 272. 4.0 4.0 2.0 
YIELD SURFACE TYPES 
YIELD STRESS TAKEN AS 50 KSI 
5 
1 2 9900. 9900. 3100. 3100. 1.0 0.15 1.0 0.15 
2 2 4880. 4880. 1130. 1130. 1.0 0.15 1.0 0.15 
3 2 3020. 3020. 720. 720. 1.0 0.15 1.0 0.15 
------------------------------------------------------------------
ELEMENT GENERATION COMMANDS 
FIRST STORY COLUMNS 
0111 0211 1 1 1 1 
2 0112 0212 1 2 2 2 
3 0113 0213 1 2 2 2 
4 0114 0214 1 1 1 1 
SECOND STORY COLUMNS 
5 0211 0311 1 1 1 1 
6 0212 0312 1 2 2 2 
7 0213 0313 1 2 2 2 
8 0214 0314 1 1 1 
THIRD STORY COLUMNS 
9 0311 0411 
10 0312 0412 1 3 3 3 
11 0313 0413 3 3 3 
10.0 
10.0 
10.0 
12 0314 0414 
FOURTH STORY COLUMNS 
13 0411 0511 
14 0412 0512 
15 0413 0513 
16 0414 0514 
1 1 
1 
1 
1 
3 
3 
1 
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1 
3 
3 
1 
3 
3 
1 
! ****************************************************************** 
*ELEMENTGROUP 
NEGLECT P-DELTA IN GIRDERS 
2 1 0 1.0 
3 0 3 
STIFFNESS TYPES 
1 29000.0 
2 29000.0 
3 29000.0 
YIELD SURFACE TYPES 
1 1 2877. 
2 1 2859. 
3 1 2500. 
0.03 
0.03 
0.03 
765. 
765. 
765. 
50.0 
50.0 
50.0 
SF BEAMS/GIRDERS 
1743. 4.0 4.0 2.0 
1539. 4.0 4.0 2.0 
983. 4.0 4.0 2.0 
------------------------------------------------------------------
ELEMENT GENERATION COMMANDS 
FIRST FLOOR 
1 0211 0212 1 1 1 
2 0212 0213 1 2 2 2 
3 0213 0214 1 1 
SECOND FLOOR 
4 0311 0312 1 
5 0312 0313 1 2 2 2 
6 0313 0314 1 1 1 
THIRD FLOOR 
7 0411 0412 1 1 1 
8 0412 0413 1 2 2 2 
9 0413 0414 1 1 1 1 
FOURTH FLOOR (ROOF) 
10 0511 0512 1 3 3 3 
11 0512 0513 1 3 3 3 
12 0513 0514 1 3 3 3 
! ****************************************************************** 
! ****************************************************************** 
*ELEMENTGROUP 
GROUP INFOR~ATION 
NEGLECT P-DELTA IN GIRDERS 
10 1 0 0.0 CONNECTION ELEMENT 
ELEMENT DATA 
INPUT SPECIFIC TO ELEMENT TYPE 10 
20 
PROPERTY TYPES and DEFINE PROPERTY ELEMENT 
EC(ELASTIC CODE)= 3 
YIELD STRESS TAKEN AS 36 KSI FOR BEAM, 50 
Ki SHR My+ My-
1 2564991. 1. OE-4 7576.3 7576.3 
2 2564991. 1. OE-4 4488.0 3788.2 
3 2544617. 1. OE-4 7516.1 7516.1 
4 2544617. 1. OE-4 4460.0 3758.1 
5 1919454. 1.0E-4 5669.5 5669.5 
6 1919454. 1.0E-4 2834.8 2834.8 
1 2564991. 1. OE-4 7576.3 7576.3 
1515.2 1894.1 1E-2 4E-3 -1.00 
2 2564991. 1.0E-4 4488.0 3788.2 
1515.2 1894.1 1E-2 4E-3 0.010 
FOR COLUMN 
OVTOL KROTR 
5. 
5. 
5. 
5. 
5. 
5. 
5. 3 
0.03 0.10 
5. 3 
0.03 0.10 
KELAS RATMYP 
3 0 
3 0 
3 0 
3 0 
3 0 
3 0 
-3 0.59 
1.0 0.20 
-3 0.98 
1.0 0.40 
1.0 
1.0 
10.0 
10.0 
10.0 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
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3 2564991. 1.0E-4 4488.0 3788.2 
1515.2 1894.1 1E-2 4E-3 0.005 0.03 
4 2564991. 1. OE-4 4488.0 3788.2 
1515.2 1894.1 1E-2 4E-3 0.020 0.03 
5 2564991. 1.0E-4 4488.0 3788.2 
1515.2 1894.1 1E-2 4E-3 0.005 0.03 
62564991. 1.0E-4 7576.3 7576.3 
1515.2 1894.1 1E-2 4E-3 0.006 0.03 
7 2564991. 1. OE-4 7576.3 7576.3 
1515.2 1894.1 1E-2 4E-3 0.005 0.03 
8 2564991. 1.0E-4 4488.0 3788.2 
1515.2 1894.1 1E-2 4E-3 
9 2564991. 1.0E-4 4488.0 
1515.2 1894.1 1E-2 4E-3 
10 2564991. 1.0E-4 4488.0 
1515.2 1894.1 1E-2 4E-3 
11 2564991. 1.0E-4 4488.0 
1515.2 1894.1 1E-2 4E-3 
122564991. 1.0E-4 7576.3 
1515.2 1894.1 1E-2 4E-3 
13 2544617. 1.0E-4 7516.1 
0.020 
3788.2 
0.025 
3788.2 
0.020 
3788.2 
0.005 
7576.3 
-1.00 
7516.1 
0.03 
0.03 
0.03 
0.03 
0.003 
1503.2 1879.0 1E-2 4E-3 0.020 0.03 
14 2544617. 1.0E-4 4460.0 3758.1 
1503.2 1879.0 1E-2 4E-3 0.005 0.03 
15 2544617. 1.0E-4 4460.0 3758.1 
1503.2 1879.0 1E-2 4E-3 0.001 0.03 
16 2544617. 1.0E-4 4460.0 3758.1 
1503.2 1879.0 1E-2 4E-3 0.003 0.03 
17 2544617. 1.0E-4 4460.0 3758.1 
1503.2 1879.0 1E-2 4E-3 0.002 0.03 
18 2544617. 1.0E-4 6516.1 7516.1 
1503.2 1879.0 1E-2 4E-3 -1.00 0.03 
19 1919454. 1.0E-4 5669.5 5669.5 
1133.9 1417.4 1E-2 4E-3 0.020 0.03 
20 1919454. 1.0E-4 2834.8 2834.8 
1133.9 1417.4 1E-2 4E-3 0.020 0.03 
ELEMENT GENERATION COMMANDS 
SECOND LEVEL 
0201 
0203 
0204 
0206 
0207 
0209 
THIRD LEVEL 
0301 
0303 
0304 
0306 
0307 
0309 
FOURTH LEVEL 
0401 
0403 
0404 
0406 
0407 
0409 
FOURTH LEVEL 
0501 
0503 
0504 
0506 
0507 
0509 
0202 
0204 
0205 
0207 
0208 
0210 
0302 
0304 
0305 
0307 
0308 
0310 
0402 
0404 
0405 
0407 
0408 
0410 
0502 
0504 
0505 
0507 
0508 
0510 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
20 
20 
20 
19 
5. 3 
0.10 1.0 
5. 3 
-3 0.98 
1.0 0.40 
-3 0.98 
0.10 1.0 0.40 1.0 
5. 3 -3 0.98 
0.10 1.0 0.40 1.0 
5. 3 -3 0.59 
0.10 1.0 0.20 1.0 
5. 3 -3 0.59 
0.10 1.0 0.20 1.0 
5. 3 -3 0.98 
5. 
5. 
5. 
5. 
5. 
0.10 
3 
0.10 
3 
0.10 
3 
0.10 
3 
1.0 0.40 
-3 0.98 
1.0 0.40 
-3 0.98 
1.0 0.40 
-3 0.98 
1.0 0.40 
-3 0.59 
1.0 
1.0 
1.0 
1.0 
0.10 1.0 0.20 1.0 
3 -3 0.59 
0.10 1.0 0.20 1.0 
5. 3 -3 0.98 
0.10 1.0 0.41 1.0 
5. 3 -3 0.98 
0.10 1.0 0.41 1.0 
5. 3 -3 0.98 
0.10 1.0 0.41 1.0 
5. 3 -3 0.98 
0.10 1.0 0.41 1.0 
5. 3 -3 0.59 
0.10 1.0 0.20 1.0 
5. 3 -3 0.45 
0.10 1.0 0.13 1.0 
5. 3 -3 0.90 
0.10 1.0 0.27 1.0 
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****************************************************************** 
****************************************************************** 
DEFINE INTERS TORY DRIFT RATIOS AS GENERALIZED DISPLACEMENTS 
STORY HEIGHT = 156 IN ; 1/156=0.006410 
*GENDISP 
0201 
0101 
*GENDISP 
0301 
0201 
*GENDISP 
0401 
0301 
*GENDISP 
0501 
0401 
1 0.006410 
1 -0.006410 
1 0.006410 
1 -0.006410 
1 0.006410 
1 -0.006410 
1 0.005952 
1 -0.005952 
FIRST STORY DRIFT 
SECOND STORY DRIFT 
THIRD STORY DRIFT 
FOURTH STORY DRIFT 
****************************************************************** 
*RESULTS 
! ------------------------------------------------------------------
! GET DISPLACEMENT PROFILE 
NSD 011 0101 0501 100 
! ------------------------------------------------------------------
! GET BASE SHEAR INFO 
! S 011 
! ------------------------------------------------------------------
! PRINT OUT ELEMENT DATA 
!E 001 
! GET GENERALIZED DISPLACEMENT 
GD 001 
! ****************************************************************** 
*NODALOAD 
! ------------------------------------------------------------------
! DEFINE NORMALIZED EQ. LOAD PATTERN 
PUSH PUSH OVER LOAD PATTERN 
Using NEHRP vertical distribution 
S 0.09 0.0 0.0 0201 
S 0.20 0.0 0.0 0301 
S 0.31 0.0 0.0 0401 
S 0.40 0.0 0.0 0501 
****************************************************************** 
*ELEMLOAD 
DEFINE FIXED END FORCE PATTERNS TO BE USED. PATTERNS ARE DEFINED 
FOR UNIT LOAD VALUES. PATTERNS ARE SCALED LATER TO REFLECT ACTUAL 
LOADING. 
FIXED END FORCES DEFINED BELOW BASED ON I,J FROM LEFT TO RIGHT AND 
LOADS ACTING DOWN. 
PATTERN NAME 
GRLD 
ELEMENT GROUP 
G 1 4 
GRAVITY LOAD PATTERNS 
------------------------------------------------------------------
LOADS SETS 
DEFINE FIXED END FORCES (L CONSTANT 156 IN) 3,4:ROOF 1,2:0THER 
COORD.CD LLRF pi vi Mi Pj Vj 
1 0 1.0 0.0 0.0 0.0 21. 56 0.0 
2 0 1.0 0.0 0.0 0.0 17.33 0.0 
3 0 1.0 0.0 0.0 0.0 24.20 0.0 
4 0 1.0 0.0 0.0 0.0 21.84 0.0 
FL. 
Mj 
0.0 
0.0 
0.0 
0.0 
199 
LOADED ELEMENT AND LOAD SET SCALE FACTORS 
ASSIGN FIXED END FORCE PATTERNS TO ELEMENTS AND SCALE. 
FE LE INC LSET S_FACTOR 
(FIRST STORY) 
1 4 3 1 1.0 
2 3 1 3 1.0 
(SECOND STORY) 
5 8 3 1 1.0 
6 7 1 3 1.0 
(THIRD STORY) 
9 12 3 1 1.0 
10 11 1 3 1.0 
(FOURTH STORY) 
13 16 3 2 1.0 
14 15 1 4 1.0 
DON'T FORGET BLANK LINE ABOVE ~~~~~A~~A~~~~~~ 
****************************************************************** 
ELEMENT GROUP 
G 2 2 
LOADS SETS 
DEFINE FIXED END FORCES (L 360 IN) 2 :ROOF 1:0THER FL. 
COORD. CD LLRF pi Vi Mi Pj Vj 
1 0 1.0 0.0 12.100 726.0 0.0 12.100 
2 0 1.0 0.0 10.920 655.2 0.0 10.920 
LOADED ELEMENTS AND LOAD SET SCALE FACTOR 
FE 
1 
10 
ASSIGN FIXED END FORCE PATTERNS TO ELEMENTS AND SCALE. 
LE INC 
9 1 
12 1 
LSET 
1 
2 
DON'T FORGET BLANK LINE ABOVE ~~~~~~~~~~~~~~~ 
****************************************************************** 
ELEMENT GROUP 
G 4 4 
------------------------------------------------------------------
LOADS SETS 
DEFINE FIXED END FORCES (L CONSTANT 156 IN) 3,4:ROOF 1,2:0THER 
COORD.CD LLRF pi vi Mi Pj Vj 
1 0 1.0 0.0 0.0 0.0 25.25 0.0 
2 0 1.0 0.0 0.0 0.0 20.76 0.0 
3 0 1.0 0.0 0.0 0.0 27.65 0.0 
4 0 1.0 0.0 0.0 0.0 25.90 0.0 
LOADED ELEMENT AND LOAD SET SCALE FACTORS 
ASSIGN FIXED END FORCE PATTERNS TO ELEMENTS AND SCALE. 
FE LE INC LSET S_FACTOR 
1 4 3 1 1.0 
2 3 3 1.0 
(SECOND STORY) 
5 8 3 1 1.0 
6 7 1 3 1.0 
(THIRD STORY) 
9 12 3 1 1.0 
10 11 1 3 1.0 
(FOURTH STORY) 
13 16 3 2 1.0 
14 15 1 4 1.0 
DON'T FORGET BLANK LINE ABOVE ~~~~~AAAA~AA~AA 
****************************************************************** 
Mj 
-726.0 
-655.2 
FL. 
Mj 
0.0 
0.0 
0.0 
0.0 
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ELEMENT GROUP 
G 5 2 
LOADS SETS 
DEFINE FIXED END FORCES (L 360 IN) 2:ROOF 1:0THER FL. 
COORD. CD LLRF pi Vi Mi Pj Vj 
1 0 1.0 0.0 13.825 829.5 0.0 13.825 
2 0 1.0 0.0 12.950 777.0 0.0 12.950 
LOADED ELEMENTS AND LOAD SET SCALE FACTOR 
ASSIGN FIXED END FORCE PATTERNS TO ELEMENTS AND SCALE. 
FE LE INC LSET S_FACTOR 
1 9 1 1 1.0 
10 12 2 1.0 
DON'T FORGET BLANK LINE ABOVE AAAAAAAAAAAAAAA 
****************************************************************** 
*PARAMETERS 
! OUTPUT INTERVALS FOR STATIC ANALYSIS 
SAVE STRUCTURE STATE AT END OF ANALYSIS FOR FUTURE USE 
OS 1 0 1 0 0 
****************************************************************** 
*GRAV GRAVITY LOAD ANALYSIS 
ELEMENT LOADS 
E GRLD 
****************************************************************** 
* PARAMETERS 
! OUTPUT INTERVALS FOR STATIC ANALYSIS 
PRINT OUT ENVELOPES AT LARGE INTERVALS AND AT END OF ANALYSIS. 
OS 0 0 1 0 500 
! ****************************************************************** 
*STAT 
N 
NODAL LOADS 
PUSH 1. 
DISPLACEMENT CONTROL 
D 0501 0101 
NONLINEAR PUSH-OVER 
1 0.1 21.0 
****************************************************************** 
*STOP 
C.2.2 DRAIN -2DX Dynamic Time History Analysis Input File 
4-STORY NORTHRIDGE BUILDING 
(CALCULATED BY SHAN SHI) 
UNITS ARE IN KIPS, INCHES, AND SECONDS 
THIS FILE PERFORM STATIC ANALYSIS. 
****************************************************************** 
*STARTXX 
NR4D 021 1 DYNAMIC ANALYSIS 
****************************************************************** 
*NODECOORDS 
Mj 
-829.5 
-777.0 
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SAME AS STATIC PUSH-OVER ANALYSIS INPUT FILE ) 
ELEMENTGROUP FOR THE CONNECTIONS USING FOLLOWS: 
****************************************************************** 
*ELEMENTGROUP 
GROUP INFORMATION 
NEGLECT P-DELTA IN GIRDERS 
10 1 0 0.0 CONNECTION ELEMENT 
ELEMENT DATA 
INPUT SPECIFIC TO ELEMENT TYPE 10 
20 
PROPERTY TYPES and DEFINE PROPERTY ELEMENT 
EC(ELASTIC CODE)= 3 
YIELD STRESS TAKEN AS 36 KSI FOR BEAM, 50 FOR COLUMN 
Ki SHR My+ My- OVTOL KROTR KELAS RATMYP 
1 2564991. 1.0E-4 7576.3 7576.3 
2 2564991. 
3 2544617. 
4 2544617. 
5 1919454. 
6 1919454. 
1. OE-4 
1. OE-4 
1. OE-4 
1. OE-4 
1. OE-4 
4488.0 
7516.1 
4460.0 
5669.5 
2834.8 
3788.2 
7516.1 
3758.1 
5669.5 
2834.8 
1 2564991. 1.0E-4 7576.3 7576.3 
1515.2 1894.1 1E-2 4E-3 -1.00 0.03 
2 2564991. 1.0E-4 4488.0 
1515.2 1894.1 1E-2 4E-3 
3 2564991. 1.0E-4 4488.0 
1515.2 1894.1 1E-2 4E-3 
4 2564991. 1. OE-4 4488.0 
1515.2 1894.1 1E-2 4E-3 
5 2564991. 1. OE-4 4488.0 
1515.2 1894.1 1E-2 4E-3 
6 2564991. 1.0E-4 7576.3 
1515.2 1894.1 1E-2 4E-3 
3788.2 
0.010 
3788.2 
0.005 
3788.2 
0.020 
3788.2 
0.005 
7576.3 
0.006 
7 2564991. 1.0E-4 7576.3 7576.3 
0.03 
0.03 
0.03 
0.03 
0.03 
1515.2 1894.1 1E-2 4E-3 -1.00 0.003 
8 2564991. 1.0E-4 4488.0 3788.2 
1515.2 1894.1 1E-2 4E-3 0.020 0.03 
9 2564991. 1.0E-4 4488.0 3788.2 
1515.2 1894.1 1E-2 4E-3 0.025 0.03 
10 2564991. 1.0E-4 4488.0 3788.2 
1515.2 1894.1 1E-2 4E-3 0.020 0.03 
11 2564991. 1. OE-4 4488.0 3788.2 
1515.2 1894.1 1E-2 4E-3 0.005 0.03 
12 2564991. 1. OE-4 7576.3 
1515.2 1894.1 1E-2 4E-3 
13 2544617. 1.0E-4 7516.1 
1503.2 1879.0 1E-2 4E-3 
14 2544617. 1. OE-4 4460.0 
1503.2 1879.0 1E-2 4E-3 
15 2544617. 1.0E-4 4460.0 
1503.2 1879.0 1E-2 4E-3 
16 2544617. 1.0E-4 4460.0 
1503.2 1879.0 1E-2 4E-3 
17 2544617. 1.0E-4 4460.0 
7576.3 
0.005 
7516.1 
0.020 
3758.1 
0.005 
3758.1 
0.001 
3758.1 
0.003 
3758.1 
0.03 
0.03 
0.03 
0.03 
0.03 
1503.2 1879.0 1E-2 4E-3 0.002 0.03 
18 2544617. 1.0E-4 6516.1 7516.1 
1503.2 1879.0 1E-2 4E-3 -1.00 0.03 
19 1919454. 1. OE-4 5669.5 5669.5 
1133.9 1417.4 1E-2 4E-3 0.020 0.03 
20 1919454. 1.0E-4 2834.8 2834.8 
1133.9 1417.4 1E-2 4E-3 0.020 0.03 
5. 3 0 
5. 
5. 
5. 
5. 
5. 
3 
3 
3 
3 
3 
o 
o 
o 
o 
o 
5. 3 3 0.59 
0.10 1.0 0.20 1.0 
5. 
5. 
5. 
5. 
5. 
3 
0.10 
3 
0.10 
3 
0.10 
3 
0.10 
3 
3 0.98 
1.0 0.40 
3 0.98 
1.0 0.40 
3 0.98 
1.0 0.40 
3 0.98 
1.0 0.40 
3 0.59 
1.0 
1.0 
1.0 
1.0 
0.10 1.0 0.20 1.0 
5. 3 
0.10 
5. 3 
0.10 
5. 3 
0.10 
5. 3 
0.10 
5. 3 
0.10 
5. 3 
3 0.59 
1.0 0.20 
3 0.98 
1.0 0.40 
3 0.98 
1.0 0.40 
3 0.98 
1.0 0.40 
3 0.98 
1.0 0.40 
3 0.59 
1.0 
1.0 
1.0 
1.0 
1.0 
0.10 1.0 0.20 1.0 
5. 
5. 
5. 
5. 
5. 
3 
0.10 
3 
0.10 
3 
0.10 
3 
0.10 
3 
3 0.59 
1.0 0.20 
3 0.98 
1.0 0.41 
3 0.98 
1.0 0.41 
3 0.98 
1.0 0.41 
3 0.98 
1.0 
1.0 
1.0 
1.0 
0.10 1.0 0.41 1.0 
5. 3 3 0.59 
0.10 1.0 0.20 1.0 
5. 3 3 0.45 
0.10 1.0 0.13 1.0 
5. 3 3 0.90 
0.10 1.0 0.27 1.0 
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------------------------------------------------------------------
ELEMENT GENERATION COMMANDS 
SECOND LEVEL 
1 0201 0202 
2 0203 0204 2 
3 0204 0205 3 
4 0206 0207 4 
5 0207 0208 5 
6 0209 0210 6 
THIRD LEVEL 
7 0301 0302 1 7 
8 0303 0304 1 8 
9 0304 0305 9 
10 0306 0307 1 10 
11 0307 0308 1 11 
12 0309 0310 1 12 
FOURTH LEVEL 
13 0401 0402 1 13 
14 0403 0404 14 
15 0404 0405 15 
16 0406 0407 16 
17 0407 0408 17 
18 0409 0410 18 
FOURTH LEVEL 
19 0501 0502 1 19 
20 0503 0504 1 20 
21 0504 0505 1 20 
22 0506 0507 1 20 
23 0507 0508 1 20 
24 0509 0510 1 19 
****************************************************************** 
****************************************************************** 
DEFINE INTERS TORY DRIFT RATIOS AS GENERALIZED DISPLACEMENTS 
STORY HEIGHT = 156 IN ; 1/156=0.006410 
*GENDISP 
0201 
0101 
*GENDISP 
0301 
0201 
*GENDISP 
0401 
0301 
*GENDISP 
0501 
0401 
0.006410 
1 -0.006410 
1 0.006410 
1 -0.006410 
1 0.006410 
1 -0.006410 
1 0.005952 
-0.005952 
FIRST STORY DRIFT 
SECOND STORY DRIFT 
THIRD STORY DRIFT 
FOURTH STORY DRIFT 
****************************************************************** 
*RESULTS 
! ------------------------------------------------------------------
! GET DISPLACEMENT PROFILE 
NSD 011 0501 
! ------------------------------------------------------------------
! GET BASE SHEAR INFO 
!S 011 
! ------------------------------------------------------------------
! PRINT OUT ELEMENT DATA 
!E 001 6 
! ****************************************************************** 
! ------------------------------------------------------------------
*ACCNREC 
SPECIFY GROUND ACCELERATION RECORD 
! NOTE: CANNOT READ IN AS FREE-FORMAT (*) IF THERE IS A LABEL IN DATA FILE 
203 
INDICATING UNITS. MUST USE FORMAT STATEMENT. 
NRE=NORTHRIDGE SYLMAR360 GROUND MOTION 
NRE northrl.acc (2 £14.5) SYLMAR 360 
1500 1 1 2 386.1 
! ------------------------------------------------------------------
! ****************************************************************** 
*ELEMLOAD 
DEFINE FIXED END FORCE PATTERNS TO BE USED. PATTERNS ARE DEFINED 
FOR UNIT LOAD VALUES. PATTERNS ARE SCALED LATER TO REFLECT ACTUAL 
LOADING. 
FIXED END FORCES DEFINED BELOW BASED ON I,J FROM LEFT TO RIGHT AND 
LOADS ACTING DOWN. 
PATTERN NAME 
GRLD 
ELEMENT GROUP 
G 1 4 
LOADS SETS 
GRAVITY LOAD PATTERNS 
DEFINE FIXED END FORCES (L CONSTANT 156 IN) 3,4:ROOF l,2:0THER 
COORD. CD LLRF pi Vi Mi Pj vj 
0 1.0 0.0 0.0 0.0 21.56 0.0 
2 0 1.0 0.0 0.0 0.0 17.33 0.0 
3 0 1.0 0.0 0.0 0.0 24.20 0.0 
4 0 1.0 0.0 0.0 0.0 21.84 0.0 
LOADED ELEMENT AND LOAD SET SCALE FACTORS 
ASSIGN FIXED END FORCE PATTERNS TO ELEMENTS AND SCALE. 
FE LE INC LSET S_FACTOR 
(FIRST STORY) 
1 4 3 1 1.0 
2 3 3 1.0 
(SECOND STORY) 
5 8 3 1 1.0 
6 7 3 1.0 
(THIRD STORY) 
9 12 3 1.0 
10 11 1 3 1.0 
(FOURTH STORY) 
13 16 3 2 1.0 
14 15 1 4 1.0 
DON'T FORGET BLANK LINE ABOVE ~~~~~~~~~~~~~~~ 
****************************************************************** 
ELEMENT GROUP 
G 2 2 
LOADS SETS 
DEFINE FIXED END FORCES (L 360 IN) 2:ROOF 1:0THER FL. 
COORD.CD LLRF pi vi Mi Pj Vj 
1 0 1.0 0.0 12.100 726.0 0.0 12.100 
2 0 1.0 0.0 10.920 655.2 0.0 
LOADED ELEMENTS AND LOAD SET SCALE FACTOR 
ASSIGN FIXED END FORCE PATTERNS TO ELEMENTS AND SCALE. 
FE 
1 
10 
LE INC 
9 1 
12 1 
LSET 
1 
2 
S_FACTOR 
1.0 
1.0 
10.920 
~A~A~~A~~~~~~~~A~~~~ DON'T FORGET BLANK LINE ABOVE ~A~AAAAAAAAAAAA 
****************************************************************** 
ELEMENT GROUP 
G 4 4 
FL. 
Mj 
0.0 
0.0 
0.0 
0.0 
Mj 
-726.0 
-655.2 
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LOADS SETS 
DEFINE FIXED END FORCES (L CONSTANT 156 IN) 3,4:ROOF 1,2:0THER FL. 
COORD.CD LLRF pi Vi Mi Pj Vj Mj 
1 a 1.0 0.0 0.0 0.0 25.25 0.0 0.0 
2 a 1.0 0.0 0.0 0.0 20.76 0.0 0.0 
3 a 1.0 0.0 o. a 0.0 27.65 0.0 0.0 
4 a 1.0 0.0 0.0 0.0 25.90 0.0 0.0 
LOADED ELEMENT AND LOAD SET SCALE FACTORS 
ASSIGN FIXED END FORCE PATTERNS TO ELEMENTS AND SCALE. 
FE LE INC LSET S FACTOR 
1 4 3 1 1.0 
2 3 1 3 1.0 
(SECOND STORY) 
5 8 3 1 1.0 
6 7 1 3 1.0 
(THIRD STORY) 
9 12 3 1 1.0 
10 11 1 3 1.0 
(FOURTH STORY) 
13 16 3 2 1.0 
14 15 1 4 1.0 
AA~~AAAAAAAAAAAAAAAA DON'T FORGET BLANK LINE ABOVE 1'\1'\ 1'\" 1'\1'\ A 1'\ 1\1\ 1\ 1'\1'\1\ 1\ 
****************************************************************** 
ELEMENT GROUP 
G 5 2 
LOADS SETS 
DEFINE FIXED END FORCES (L 360 IN) 2:ROOF 1:0THER FL. 
COORD.CD LLRF pi vi Mi Pj Vj Mj 
1 a 1.0 o. a 13.825 829.5 0.0 13.825 -829.5 
2 a 1.0 0.0 12.950 777.0 0.0 
LOADED ELEMENTS AND LOAD SET SCALE FACTOR 
ASSIGN FIXED END FORCE PATTERNS TO ELEMENTS AND SCALE. 
FE 
1 
10 
LE INC 
9 1 
12 1 
LSET 
1 
2 
12.950 
DON'T FORGET BLANK LINE ABOVE AAAAAAAAAAAAAAA 
****************************************************************** 
* PARAMETERS 
! OUTPUT INTERVALS FOR STATIC ANALYSIS 
SAVE STRUCTURE STATE AT END OF ANALYSIS FOR FUTURE USE 
OS 1 a 1 a a 
****************************************************************** 
*GRAV GRAVITY LOAD ANALYSIS 
ELEMENT LOADS 
E GRLD 
****************************************************************** 
*PARAMETERS 
! DEFINE ALPHA AND BETA TO ACHIEVE 2% DAMPING IN FIRST TWO MODES 
-777.0 
! NOTE: THIS ASSUMES THAT DAMPING HAS NOT BEEN SET IN AN EARLIER ANALYSIS!!! 
VS 0.2094 0.001458 
! SPECIFY INFO NEEDED FOR DYNAMIC ANALYSIS (RESPONSE AT EACH TIME STEP) 
OD a a . a a . 1 a o. 9999 a . 
! TURN OFF OPTIONS TO CORRECT VEL AND ACCEL (PER USER MANUAL RECOMMENDATION) 
DC 1 a a -50 
! TIME STEP PARAMETERS 
DT O. 02 
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! ------------------------------------------------------------------
*ACCN DYNAMIC ANALYSIS OF BUILDING 
NOTE: ELCENTRO RECORD DATA FILE IN UNITS OF in/sis STRUCTURE UNITS ARE 
INCHES AND SECONDS. MUST SCALE RECORD BY (1.0) 
30.0 1500 1 
NRE 1.0 1.0 
*STOP 
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APPENDIXD 
SPECTRUM USER MANUAL 
SPECTRUM is a SDF linear/nonlinear earthquake response spectrum calculation program. Following 
types of calculations can be performed: 
(1) Arias Intensity. 
(2) Linear Response Spectrum and Time History. 
(3) Bilinear with Inelastic Unloading Response Spectrum and Time History. 
(4) Q and Sina Hysteresis Response Spectrum and Time History. 
(5) Steel Connection Fracture Type Hysteresis Response Spectrum and Time History. 
(6) Bilinear with Elastic Unloading Response Spectrum and Time History. 
(7) Combined Hysteresis Response Spectrum and Time History. (not be documented) 
To execute SPECTRUM type Spectrum [enter}. All input files for SPECTRUM should be prepared in free 
format. In other words, the data on a particular line does not have to correspond with prespecified column location. 
Accelerograms should have first column presents time (sec.) and second column presents acceleration. Units used 
in the program are in inch, second, kips system. 
For response spectrum and time history calculation, user can choose either linear acceleration, constant 
average acceleration or Wilson's e method to integrate the equation of motion. 
An example of calculate the bilinear response of a SDF structure under 10 given earthquake is also included 
in the manual. This SDF structure has a natural period of 0.2 sec. 
1. Calculate Arias Intensity : [Option 1] 
-u:;-- 100.0 ~ 
6 50.0 
Arias Intensity: Ai = f Tag (t) 'dt 
o 
~- 0.0 
~ -50.0 Q3 
<...) 
~ -100.0 
- 1 eo.o 
0.0 
INPUT: 
[File name: info_OJ] 
eqname, de It, time, transf 
...... One line per earthquake set. 
10.0 
Each line of input file (info_OI) provide: 
T 
20.0 30.0 
Time, t (5) 
eqname: 
delt: 
time: 
trans/" 
name of the file contains earthquake accelerogram. 
time interval of above accelerogram (sec.). 
duration T of the earthquake (sec.). 
factor transform the accelerogram to in/sec2 unit. 
OUTPUT : 
[File name: arias.dat] 
40.0 50.0 
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File stores Arias intensities calculated for each earthquake. 
2. Calculate Linear Response Spectrum and Tilne History: [Option 2] 
INPUT : 
[File name: info_02] 
eqname, delt, time, scale!, transf 
...... One line per earthquake set. 
period, damp 
...... One line per period. 
Input file (info _02' provide: 
eqname: 
deft: 
time: 
scale!" 
trans!" 
period: 
damp: 
name of the file contains earthquake accelerogram. 
time interval of above accelerogram (sec.). 
duration of the earthquake (sec.). 
scale factor for the accelerogram. 
factor transform the accelerogram to in/sec2 unit. 
natural period of the SDF system (sec.). 
damping ratio in percent. 
OUTPUT: 
[File name: spectrum.dat] 
File contains PSA for each earthquake. 
Column 1: period (sec.); 
T 
height 
1 
Column 2 to Column ...... : PSA for each earthquake in the order of input (g). 
[File name: history.dat] 
File contains time history for selected earthquake. 
Column 1: displacement of first earthquake (in); 
Column 2: velocity of first earthquake (in/sec); 
Column 3: acceleration of first earthquake (in/sec2); 
...... repeat Column 1 to 3 for other earthquakes. 
3. Calculate Bilinear with I nlastic Unloading Response Spectrum and Time History: [Option 
3] 
INPUT: 
[File name: info_03] 
eqname, de It, time, scale!, transf 
...... One line per earthquake set. 
period, stiff, height, vmy, hratio, damp, factor 1 
...... One line per period. 
Each line of input file (info_03) provide: 
_----t'--_-f-_-I---III ..... Rotation e 
k1 =initial stiffness 
k2 =yield stiffness 
k2/k1 =strain hardening ratio 
Bilinear Hysteresis 
Yield moment (consider seismic load only): 
eqname: 
delt: 
time: 
name of the file contains earthquake accelerogram. M g Su height 
vmy = 
time interval of above accelerogram (sec.). Stiffness Kl: R 
duration of the earthquake (sec.). stiff = (2n)2 M height2 
r-
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scale factor for the accelerogram. 
factor transform the accelerogram to in/sec2 unit. 
natural period of the SDF system (sec.). 
stiffness k1 of the connection (for rotation k-in/rad.). 
height of the SDF system (in). 
yield moment of the connection (k-in). 
strain hardening ratio of the connection. 
damping ratio in percent. 
scalef' 
transf' 
period: 
stiff: 
height: 
vmy: 
hratio: 
damp: 
factorl: strength degradation ratio (eg. factorl < 1.0; no degradation when factor 1 =1.0 ) 
OUTPUT: 
[File name: speet_hi.dat] 
File contains PSA for the selected earthquake at different period. 
Column 1: period; 
Column 2: maximum drift; 
Column 3: ductility ratio; 
Column 4: PSA (g); 
Column 5: energy dissipated by viscous damping ((in/sec)2/mass); 
Column 6: energy dissipated by plastic deformation ((in/sec)2/mass); 
Column 7: total energy into structure ((in/sec)2/mass). 
[File name: hist_hi.dat] 
File contains time history for the selected earthquake at different period. 
Column 1: time (sec.); 
Column 2: drift (mass displacement/height); 
Column 3: restoring force at the level of mass (kips); 
Column 4: displacement of the mass (in); 
Column 5: velocity of the mass (in/sec); 
Column 6: acceleration of the mass (in/sec2); 
Column 7: potential energy ((in/sec)2/mass); 
Column 8: kinetic energy ((in/sec)2/mass); 
Column 9: energy dissipated by viscous damping ((in/sec)2/mass); 
Column 1 0: energy dissipated by plastic deformation ((in/sec)2/mass); 
Column 11: total energy into structure ((in/sec)2/mass). 
4. Calculate Q and Sina Hysteresis Response Spectrum and Time History: [Option 4] 
INPUT: 
[File name: info _04] 
eqname, delt, time, scalef, transf 
...... One line per earthquake set. 
period, stiff, height, vmy, hratio, damp, factor1, factor2 
...... One line per period. 
Each line of input file 'info_04' provide: 
eqname: 
delt: 
name of the file contains earthquake accelerogram. 
time interval of above accelerogram (sec.). 
I: strength degradation 
II: pinching effect 
k1 =initial stiffness 
k2 =yield stiffness 
k2/k1 =strain hardening ratio 
Q and Sina Hysteresis 
duration of the earthquake (sec.). 
scale factor for the accelerogram. 
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factor transform the accelerogram to in/sec2 unit. 
natural period of the SDP system (sec.). 
stiffness k1 of the connection (for rotation k-in/rad.). 
height of the SDP system (in). 
yield moment of the connection (k-in). 
strain hardening ratio of the connection. 
damping ratio in percent. 
time: 
scalef" 
transf" 
period: 
stiff: 
height: 
vmy: 
hratio: 
damp: 
factorl: 
factor2: 
strength degradation ratio (eg. factor1 < 1.0; no degradation when factor1 =1.0 ) 
pinching ratio (eg. factor2 < 1.0; no pinching whenfactor2=1.0) 
OUTPUT: 
[File name: spect_h2.dat] 
File contains PSA for the selected earthquake at different period. 
Column 1: period (sec.); 
Column 2: maximum drift; 
Column 3: ductility ratio; 
Column 4: PSA (g); 
Column 5: energy dissipated by viscous damping ((in/sec)2/mass); 
Column 6: energy dissipated by plastic deformation ((in/sec)2/mass); 
Column 7: total energy into structure ((in/sec)2/mass). 
[File name: hist_h2.dat] 
File contains time history for the selected earthquake at different period. 
Column 1: time (sec.); 
Column 2: drift (mass displacement/height); 
Column 3: restoring force at the level of mass (kips); 
Column 4: displacement of the mass (in); 
Column 5: velocity of the mass (in/sec); 
Column 6: acceleration of the mass (in/sec 2) ; 
Column 7: potential energy ((in/sec)2/mass); 
Column 8: kinetic energy ((in/sec)2/mass); 
Column 9: energy dissipated by viscous damping ((in/sec)2/mass); 
Column 1 0: energy dissipated by plastic deformation ((in/sec)2/mass); 
Column 11: total energy into structure ((in/sec)2/mass). 
5. Calculate Steel Connection Fracture Type Hysteresis Response Spectrum and Time History 
: [Option 5] 
INPUT: 
[File name: info_OS] 
eqname, de It, time, scale!, transf 
...... One line per earthquake set. 
period, stiff, height, vmy, hratio, damp, factor1, factor2, factor3 
...... One line per period. 
k1 =initial stiffness 
k2 =yield stiffness 
k2/k1 =strain hardening ratio 
Steel Connection Failure 
Type Hysteresis 
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Each line of input file (info _05) provide: 
eqname: 
de It: 
time: 
scalef' 
trans{ 
period: 
stiff: 
height: 
vmy: 
hratio: 
damp: 
factorl: 
factor2: 
factor3: 
name of the file contains earthquake accelerogram. 
time interval of above accelerogram (sec.). 
duration of the earthquake (sec.). 
scale factor for the accelerogram. 
factor transform the accelerogram to inlsec2 unit. 
natural period of the SDP system (sec.). 
stiffness k1 of the connection (for rotation k-inlrad.). 
height of the SDP system (in). 
yield moment of the connection (k-in). 
strain hardening ratio of the connection. 
damping ratio in percent. 
fracture start point, unit in times of yield displacement (eg. point 1 of figure). 
fracture end point, unit in times of yield displacement (eg. point 2 of figure). 
strength degradation ratio (eg. factor3 < 1.0; no degradation when factor3 =1. 0 ). 
OUTPUT: 
[File name: spect_h3.dat] 
File contains PSA for the selected earthquake at different period. 
Column 1: period (sec.); 
Column 2: maximum drift; 
Column 3: ductility ratio; 
Column 4: PSA (g); 
Column 5: energy dissipated by viscous damping ((in/sec)2/mass); 
Column 6: energy dissipated by plastic deformation ((in/sec)2/mass); 
Column 7: total energy into structure ((in/sec)2/mass). 
[File name: hist_h3.dat] 
File contains time history for the selected earthquake at different period. 
Column 1: time (sec.); 
Column 2: drift (mass displacement/height); 
Column 3: restoring force at the level of mass (kips); 
Column 4: displacement of the mass (in); 
Column 5: velocity of the mass (in/sec); 
Column 6: acceleration of the mass (in/sec 2) ; 
Column 7: potential energy ((in/sec)2/mass); 
Column 8: kinetic energy ((in/sec)2/mass); 
Column 9: energy dissipated by viscous damping ((in/sec)2/mass); 
Column 1 0: energy dissipated by plastic deformation ((in/sec)2/mass); 
Column 11: total energy into structure ((in/sec)2/mass). 
6. Calculate Bilinear with Elastic Unloading Response Spectrum and Time History: [Option 
6] 
INPUT: 
[File name: info_06] 
eqname, de It, time, scale!, transf 
...... One line per earthquake set. 
period, stiff, height, vmy! hratio, damp 
...... One line per period. 
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Each line of input file (info_06' provide: 
eqname: 
delt: 
name of the file contains earthquake accelerogram. 
time interval of above accelerogram (sec.). 
duration of the earthquake (sec.). 
____ -fl-__ --11 ..... Rotation e 
scale factor for the accelerogram. 
factor transform the accelerogram to in/sec2 unit. 
natural period of the SDP system (sec.). 
stiffness kl of the connection (for rotation k-in/rad.). 
height of the SDP system (in). 
yield moment of the connection (k-in). 
strain hardening ratio of the connection. 
damping ratio in percent. 
k1 =initial stiffness 
k2 =yield stiffness 
k2/k1 =strain hardening ratio 
Bilinear Hysteresis 
time: 
scalef: 
transf: 
period: 
stiff: 
height: 
vmy: 
hratio: 
damp: 
factorl: strength degradation ratio (eg. factor1 < 1.0; no degradation when factor1 =1.0 ). 
OUTPUT: 
[File name: spect_h4.datJ 
File contains PSA for the selected earthquake at different period. 
Column 1: period; 
Column 2: maximum drift; 
Column 3: ductility ratio; 
Column 4: PSA (g); 
Column 5: energy dissipated by viscous damping ((in/sec)2/mass); 
Column 6: energy dissipated by plastic deformation ((in/sec)2/mass); 
Column 7: total energy into structure ((in/sec)2/mass). 
[File name: hist_h4.dat] 
File contains time history for the selected earthquake at different period. 
Column 1: time (sec.); 
Column 2: drift (mass displacement/height); 
Column 3: restoring force at the level of mass (kips); 
Column 4: displacement of the mass (in); 
Column 5: velocity of the mass (in/sec); 
Column 6: acceleration of the mass (in/sec 2) ; 
Column 7: potential energy ((in/sec)2/mass); 
Column 8: kinetic energy ((in/sec)2/mass); 
Column 9: energy dissipated by viscous damping ((in/sec)2/mass); 
Column 1 0: energy dissipated by plastic deformation ((in/sec)2/mass); 
Column 11: total energy into structure ((in/sec)2/mass). 
